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achieved	 through	 natural	 processes,	 such	 as	 photosynthesis,	 weathering	 of	 silicate	 rock,	 and	

































































































































































































Literature	 Review:	 A	 literature	 review	 was	 conducted	 for	 each	 technology	 starting	 with	 the	














was	 further	 analyzed	 using	 descriptive	 statistics.	 When	 a	 sufficient	 number	 of	 independent	
estimates	 were	 available,	 a	 quartile	 analysis	 was	 conducted	 to	 determine	 the	minimum,	 1st	
quartile,	2nd	quartile	(median),	3rd	quartile,	and	maximum	estimates.	Unless	otherwise	noted,	













individually	 discussing	 the	 estimated	 range	 and	 median	 CDR/storage	 potential	 and	 cost.	
Additionally,	any	key	benefits,	challenges,	risks,	and	further	research	needs	are	discussed.	Finally,	



















Soil	 carbon	 sequestration,	 a	 demonstrated	 CDR	 option,	 entails	management	 of	 pastures	 and	















amendment	 and	 has	 been	 used	 for	 thousands	 of	 years	 by	 some	 pre-industrial	 agricultural	
communities.	Biochar	is	considered	a	form	of	carbon	storage	because	the	char	decomposes	much	
slower	than	the	surrounding	biomass	when	added	to	soils.		Based	on	current	literature,	biochar	has	
the	potential	 to	capture	and	store	between	0.03	–	1	GtCO2e/year	at	a	 cost	between	$(150)	 -	
$670/tCO2e.	The	negative	costs	at	the	low	end	refer	to	the	net	gain	that	can	be	seen	by	farmers	
with	the	increases	in	crop	yields.		The	median	of	this	range	is	0.2	GtCO2e/year	at	an	approximate	














literature,	accelerated	weathering	has	 the	potential	 to	 capture	and	 store	between	0.001	–	18	
GtCO2e/year	at	a	cost	between	$20	-	$540/tCO2e,	with	median	estimates	of	3.7	GtCO2e/year	at	







DAC,	a	speculative	CDR	option,	 involves	 the	use	of	man-made	structures	 to	capture	CO2	 from	
ambient	air	and	concentrate	it	through	chemical	bonding.	Bonds	are	formed	by	either	an	aqueous	
solution	or	 a	porous	 ion	 charged	 solid	 filter.	While	 these	 systems	are	undergoing	engineering	






















BECCS	 benefits	 from	 those	 previous	 investments.	 BECCS	 is	 widely	 assumed	 in	 integrated	
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Ocean	 fertilization,	 sometimes	known	as	ocean	nourishment,	 is	a	 speculative	CDR	option	 that	
purposefully	introduces	specific	nutrients	into	the	ocean	to	stimulate	growth	in	marine	microscopic	
organisms	 (phytoplankton),	 thus	 speeding	 up	 the	 rate	 at	 which	 CO2	 is	 removed	 from	 the	
atmosphere	via	photosynthesis	by	ocean	organisms.	Based	on	current	literature,	ocean	fertilization	










In	 addition	 to	 the	 8	 CDR	 options,	 two	 storage	 options	 were	 researched,	 ocean	 storage	 and	
enhanced	oil	recovery	(EOR).	CDR	options	such	as	BECCS,	Aquatic	BECCS,	and	DAC	capture	CO2	but	
do	not	offer	a	storage	mechanism,	so	storage	options	play	a	vital	role	in	negative	emissions.	Other	
















































































Afforestation	and	Reforestation	 0.01	 1.1	 14	 21	
Soil	Carbon	Sequestration	 0.1	 1.3	 13	 23	
Biochar	 0.03	 0.2	 1	 15	
Accelerated	Weathering	 0.001	 [3.7]	 18	 11	
Direct	Air	Capture		 0.0004	 [1]	 16	 9	
Terrestrial	BECCS	 0.04	 9	 32	 23	
Aquatic	BECCS	 1.2	 18	 53	 14	
Ocean	Fertilization		 1	 4	 11	 17	
EOR	*Cumulative	Storage	CO2e*	 0.05	 [65]	 370	 14	






Afforestation	and	Reforestation	 2	 30	 100	 9	
Soil	Carbon	Sequestration	 5.5	 [8]	 11	 1	
Biochar	 -150	 40	 670	 40	
Accelerated	Weathering	 20	 70	 540	 14	
Direct	Air	Capture		 30	 345	 1,050	 22	
Terrestrial	BECCS	 20	 60	 440	 20	
Aquatic	BECCS	 18	 [18]	 140	 3	
Ocean	Fertilization		 10	 30	 290	 11	
EOR	*Price	of	CO2e*	 17	 [40]	 50	 5	




















































































































































































































































































































































In	2015,	nearly	190	 countries	 came	 together	 in	 the	historic	Paris	 agreement	 to	 take	action	 in	










goals.	 What	 distinguishes	 CDR	 from	 other	 climate	 mitigation	 strategies	 is	 that	 CDR	 aims	 to	
increase	the	 rate	 of	 negative	 emissions	 beyond	 carbon	 neutral	 rather	 than	 reduce	 net	GHG	
emissions	to	zero	to	achieve	a	"carbon-neutral"	state.	Natural	processes	such	as	photosynthesis	by	
vegetation,	weathering	of	silicate	rock,	and	absorption	by	the	ocean	already	remove	CO2	from	the	
atmosphere.	 However,	 the	 accelerated	 rate	 of	 CDR	 through	 enhanced	 natural	 processes	 and	
development	of	options	which	capture	and	sequester	or	utilize	CO2	is	necessary	to	reach	negative	
net	carbon	emissions.		
CDR	 rates	 are	 reported	 in	 billions	 of	 metric	 tons,	 CO2-equivalent,	 per	 year	 (GtCO2e/yr,	 i.e.,	
1015gCO2·yr-1).	To	put	these	values	into	context,	the	gross	circulation	of	the	global	carbon	cycle	












































































































































carbon	 will	 be	 stored	 within	 the	 soil.	 Similar	 processes	 and	 storage	 occur	 with	 soil	 carbon	
sequestration	 and	 Terrestrial	 BECCS.	 Additionally,	 one	 of	 the	 major	 challenges	










of	 the	 overall	 potential	 for	 soil	 to	 remove	 CO2	 from	 the	 atmosphere	 through	 targeted	 land	
management.	As	a	CDR	option,	soil	carbon	sequestration	is	a	demonstrated	CDR	approach	with	a	





























naturally-occurring	 carbonate	 and	 silicate	 weathering	 is	 accelerated	 on	 land	 and	 in	 marine	

















transport	 and	 storage.	 Proposed	 aqueous	 solution	 DAC	 systems	 use	 hydroxides	 to	 facilitate	
CO2	capture	and	the	proposed	solid	sorbent	DAC	system	uses	negatively	charged	carbonate	ions	
which	attach	CO2	molecules	to	nanopores	of	the	solid	filter.	Much	of	the	literature	is	based	on	
models	 or	 building	 hypothetical	 DAC	 systems	 from	 existing	 options	 in	 related	 but	 separate	
industries.	 The	 assumptions	 used	 in	 conjunction	 with	 the	 relative	 future	 focused	 DAC	
implementation	timeframe	contribute	to	wide	variances	in	the	DAC	estimates.	
Large	 scale	 DAC	 implementation	 has	 the	 potential	 to	 reduce	 atmospheric	 CO2	without	major	
environmental	impact	due	to	its	limited	land	area	required	for	operation	and	limited	effect	on	the	




















BECCS	 is	 appealing	 as	 a	 CDR	 option	 because	 a	 byproduct	 is	 consumable	 energy.	While	 next	





systems.	 Even	with	 this	 flexibility,	 large	amounts	of	 land	are	 required	 to	 create	 the	necessary	
biomass	to	have	a	measurable	CO2	reduction	effect	on	the	atmosphere.	This	large	land	requirement	
will	 compete	 with	 agriculture,	 urban	 growth,	 and	 other	 CDR	 options	 like	 Afforestation	 and	
Reforestation.	The	CO2	removal	potential	of	BECCS	 is	determined	by	many	 factors	such	as	 the	

























whereas	 Terrestrial	 BECCS	uses	 a	 variety	 of	 approach	 i.e.,	 direct	 fired	 boilers,	 combined	 cycle	






















2012).	Three	nutrients	 that	are	typically	 thought	of	as	 the	 limiting	nutrients	 for	phytoplankton	
growth:	iron,	nitrogen,	and	phosphorous	(Williamson	et	al.,	2012).	Ocean	fertilization	has	been	











































overview	 of	 each	 CDR	 and	 storage	 approach	 included	 in	 this	 report.	 Chapter	 2	 explains	 the	
methodology	 of	 this	 study,	 including	 underlying	 assumptions	 and	 the	 statistical	 analysis	 used.	
Chapters	3-10	each	discuss	a	separate	CDR	option.	Chapters	11-13	discuss	CO2	storage	options.	All	
chapters	on	CDR	options	are	organized	 in	an	 identical	manner,	with	sections	 that	address	 the	




























This	 study	 is	 a	 comprehensive	 literature	 review	of	estimates	of	 carbon	dioxide	 removal	 (CDR)	
potential	 and	 the	 cost	 of	 said	 removal	 for	 eight	 CDR	 and	 two	 storage	 options.	 The	 National	
Research	 Council	 report	 “Climate	 Intervention:	 Carbon	 Dioxide	 Removal	 and	 Reliable	
Sequestration”	 (NRC,	2015)	and	 the	 IPCC’s	 Fifth	Assessment	Report	 (IPCC,	2014)	provided	 the	




IPCC	 reports	 and	 followed	 references	 forward	 and	 backward	 to	 identify	 related	 studies.	
Subsequent	queries	were	made	using	Web	of	Science,	Scopus,	and	Google	Scholar.	Each	article	
was	 analyzed	 specifically	 for	 CDR	 potential	 estimates	 as	 well	 as	 for	 cost	 figures	 of	 the	





their	 original	 units.	 These	 figures	 were	 further	 analyzed	 to	 determine	 the	 original	 source	 of	
estimates,	if	necessary.	Duplicate	figures	from	the	same	research	study	were	removed.	If	an	article	
presented	multiple	estimates,	a	 low,	medium,	and	high	figure	were	extracted	from	the	article.	
Estimates	 based	 on	 different	 scenarios	 were	 also	 extracted.	 Accompanying	 any	 CDR/storage	
potential	or	cost	estimates,	key	assumptions	from	the	article	were	noted	in	our	database	including	
the	 following:	 year	 the	 estimate	 was	 made,	 year(s)	 the	 estimate	 applies,	 the	 region	 of	
implementation,	 and	 the	 year	 cost	 estimates	 were	 reported	 in,	 as	 well	 as,	 any	 other	 key	
assumptions.	










on	 the	US	Consumer	Price	 Index.	Conversion	 from	foreign	currency	was	based	on	
OANDA	averages	for	the	year	of	the	study.	The	normalization	process	was	based	on	







• Carbon	dioxide	 (CO2)	mass	units,	unless	specified,	were	converted	and	reported	 in	
metric	tonnes	(t)	and	metric	gigatonnes	(Gt).	
• Estimates	of	CDR/storage	potential	were	standardized	to	Gt	of	CO2	equivalent	(CO2e)	
to	 include	 reports	 that	 factored	 methane,	 nitrous	 oxide,	 and	 VOCs	 into	 their	
estimates.	
• Estimates	 reported	 at	 a	 daily	 rate	 were	 multiplied	 by	 365.25	 days	 per	 year	 and	
reported	as	a	yearly	estimate.	
• Multi-year	 estimates	were	 standardized	 to	 an	 annual	 basis	 through	 a	 straight-line	
allocation	method.	
• Per	hectare,	or	other	area	estimates,	were	extrapolated	to	a	cumulative	figure	based	















resulted	 in	greater	 than	or	equal	 to	9	observations	and	the	estimates	were	deemed	relatively	
comparable,	descriptive	statistics	was	used.	A	quartile	analysis	was	conducted	to	determine	the	
minimum,	1st	quartile,	2nd	quartile	(median),	3rd	quartile,	and	maximum.	Using	the	minimum	and	
maximum	 figures,	 an	 overall	 range	was	 calculated.	 The	 1st	 through	 3rd	 quartile	 represent	 the	
middle	50%	of	estimates.	The	2nd	quartile	represents	the	median.	This	analysis	was	conducted	to	
determine	the	distribution	of	estimates.		Note	this	analysis	is	solely	for	descriptive	purposes	and	




of	 this	 quartile	 analysis.	 If	 the	 literature	 review	 did	 not	 result	 in	 greater	 than	 or	 equal	 to	 9	
observations	or	 the	estimates	were	not	deemed	relatively	comparable,	a	quartile	analysis	was	
excluded	from	the	process	and	an	alternative	analysis	was	conducted.	This	analysis	consisted	of	
further	 research	 into	 the	 assumptions	made	by	 the	 articles	 and	 the	 corresponding	 estimates.	
Based	on	the	discretion	of	the	research	team,	an	article	and	a	related	estimate	were	chosen	to	
represent	 that	 CDR	 option	when	 comparing	 it	 to	 the	 other	 options.	 A	 justification	 for	why	 a	
specific	estimate	was	used	is	provided	in	each	chapter	if	this	alternative	process	occurred.		
Review:	Academic	and	professional	experts	on	each	option	were	consulted	through	conferences	





across	 the	 ten	 options.	 Each	 chapter	 follows	 a	 standardized	 format	 with	 subsections	 on	 the	
sequestration	 and	 storage	 process,	 the	 CDR	 removal	 potential,	 financial	 cost	 estimates,	










The	 first	graph	 in	each	chapter	 reports	estimates	of	CDR/storage	potential	 from	the	 reviewed	















































Afforestation	 and	 Reforestation	 (AR)	 are	
commonly	 referenced	 land	 management	
methodologies	 that	 sequester	 carbon	
dioxide	 (CO2)	 from	 the	 atmosphere	 via	
biomass	 growth	 in	 trees.	 Afforestation	 is	
the	 process	 of	 foresting	 land	 that	 never	
contained	forests	or	restoring	land	that	has	
been	 deforested	 over	 50	 years	 ago	 to	 a	
forested	state.	Reforestation	is	the	process	
of	 restoring	 land	 to	 a	 forested	 state	 that	
has	been	deforested	less	than	50	years	ago	
(NRC,	 2015).	 Although	 there	 is	 a	minimal	
difference	 between	 these	 two	 carbon	 dioxide	 removal	 (CDR)	 options,	 this	 report	 will	
evaluate	both	collectively.	
Over	the	past	25	years,	world	forest	area	has	been	steadily	declining	due	to	causes	that	
include	 population	 growth	 and	
density;	 increased	 agricultural	
demand;	 market,	 policy,	 and	
institutional	 failures;	 trade;	 and	
cultural	 factors	 (Contreras-
Hermosilla,	 2000;	 MacDicken	 et	 al.,	
2016).	 See	Figure	3-1	 for	 a	 graphical	
depiction	of	 forest	area	as	a	percent	
of	 land	 area.	 In	 2013,	 forest	 land	
occupied	 30.9%	 of	 the	 world’s	 land	
area,	 compared	 to	 37.7%	 of	 world	
land	 area	 devoted	 to	 agricultural	
















































natural	 forest	 areas	 continue	 to	 decline,	 planted	 forest	 area	 is	 increasing,	 having	
increased	by	over	110	million	hectares	between	1990	and	2015	(MacDicken	et	al.,	2016).	
Considering	forestry	and	other	 land	use	contributed	approximately	12%	of	the	world’s	
GHG	 emissions	 from	 2000	 to	 2009	 (Smith	 et	 al.,	 2014),	 monitoring	 and	 preserving	
currently	forested	 land,	as	well	as	pursuing	afforestation	and	reforestation,	are	critical	
factors	 in	 climate	 change	 mitigation	 and	 intervention	 strategies.	 Forests,	 although	





It	 is	 important	 to	note	 that	 this	 chapter	does	not	discuss	preexisting	 forests	and	 their	
annual	 sequestration	 rates	 or	 carbon	 stocks	 nor	 does	 it	 discuss	 the	 CO2	 that	 is	




Afforestation/reforestation	 is	 considered	 an	 established	 CDR	 option.	 Trees	 have	 been	
removing	carbon	from	the	atmosphere	for	millennia,	and	substantial	empirical	research	





Afforestation/reforestation	 involves	 a	 form	 of	 land	 use	 change	 in	 which	 an	 area	
previously	 used	 for	 farmland,	 pastures,	 industrial	 production	 or	 another	 use	 is	
transitioned	 to	 forested	 land.	 The	 transition	 can	 occur	 passively	 through	 secondary	
succession	or	through	an	active	restoration	process	such	as	the	planting	of	native	species	
or	 the	 establishment	 of	 a	 managed	 tree	 plantation	 (Rey	 Benayas,	 2005).	 More	








result	 in	 short-term	CO2	net	 emissions	 (Paul	 et	 al.,	 2002),	managed	 forests	 eventually	
provide	large	net	CO2	removal	from	the	atmosphere	since	carbon	is	stored	indefinitely	
within	 the	 forest	 biomass.	 Carbon	 uptake	 rates	 vary	 by	 species,	 but	 tend	 toward	 an	








prolonged	 periods.	 Through	 the	 photosynthesis	 process,	 trees	 take	 in	 CO2	 from	 the	
atmosphere,	store	the	carbon	within	their	trunk,	branches,	and	roots	(above-ground	and	
below-ground	 woody	 biomass)	 and	 then	 release	 oxygen	 back	 into	 the	 atmosphere	
through	respiration	(Vashum	&	Jayakumar,	2012).	The	carbon	is	stored	for	an	extended	
period	 within	 the	 woody	 biomass	 of	 the	 tree	 or	 tree-derived	 products.	 The	 rate	 of	
sequestration	 is	 highly	 dependent	 upon	 the	 ambient	 CO2	 concentration,	 forest	 site	
history,	 the	age	and	 species	of	 the	 trees	within	 the	 forest,	 temperature,	 geology,	and	
precipitation	 (Reyes	 Benayas,	 2005;	 Turner	 et	 al.,	 1995).	 For	 example,	 forests	 in	 the	
Southeast	region	of	the	United	States	recover	faster	than	the	Douglas-fir	forests	of	the	
Pacific	 Northwest	 based	 on	 tree	 species	 (Turner	 et	 al.,	 1995).	 Likewise,	 the	 cold,	 dry	















The	CDR	potential	 of	 afforestation/reforestation	 is	 highly	dependent	on	 the	 approach	
used,	 specifically	 the	 rate	 of	 afforestation/reforestation;	 planting	 configuration	 and	




CO2	 sequestration	 potential	 of	 afforestation/reforestation.	 After	 accounting	 for	 the	
The Afforestation and Reforestation Process 
As	envisioned	by	(Nepstad	et	al.,	1996),	the	overall	process	based	on	a	managed	forest	
plantation	would	consist	of	the	following	steps:		
1. Site	 selection:	 the	 land	 to	 be	 used	 for	 afforestation	 or	 reforestation	 is	
chosen	based	on	land	use	history,	existing	ecosystem	species,	and	native	
species.	
2. Seedling	 establishment:	 seeds	 or	 seedlings	 are	 planted	 on	 the	 land	
intended	 for	afforestation	or	 reforestation.	Choice	of	 seed	 stock	 can	be	
based	on	growth	rate	or	status	as	a	native	species.	




and	 fire	 suppression	measures	 to	ensure	 healthy	growth	and	 long-term	
storage	of	carbon	as	above-	and	below-ground	biomass.	
5. CO2	 uptake	 through	 photosynthesis:	 trees	 along	 with	 the	 understory	
shrubs	and	plants	in	a	managed	forest	remove	CO2	from	the	atmosphere	



















































2100,	 respectively.	 Alternatively,	 Nilsson	 &	 Schopfhauser	 (1995)	 provided	 world	
estimates	assuming	an	area	of	345	million	hectares	(Mha)	while	Lenton	(2010)	provided	
world	 estimates	 assuming	 an	 area	 of	 246	Mha.	 Because	 this	 data	 was	 not	 originally	
presented	on	a	per	hectare	basis	we	did	not	extrapolate	the	data	to	a	per	hectare	basis	
and	 then	back	 to	an	aggregate	 figure	based	on	a	 reasonable	area,	a	process	 that	was	
conducted	on	some	studies	in	the	other	CDR	approaches.	
A	second	key	assumption	that	produced	variation	in	the	data	was	related	to	the	type	of	
species	 planted.	 Based	 on	 the	 geographic	 area	 of	 afforestation/reforestation	






carbon	 fixation	 rate	 that	 is	 assumed	 within	 studies.	 For	 example,	 Nilsson	 &	
Schopfhauser’s	 (1995)	 study	 assumed	 the	 following,	 “0.3	 tons	 C/m3	 stemwood	 for	
Canada,	the	U.S.A.,	Europe,	the	former	Soviet	Union,	China,	temperate	Asia,	temperate	
South	Africa	and	temperate	South	America…	0.4	tons	C/m3	stemwood	for	New	Zealand,	
Australia,	 and	 the	 Tropics”.	 Whereas,	 Lenton	 (2010)	 assumed	 an	 average	 carbon	
sequestration	and	storage	rate	of	0.8	-	1.6	MgC/ha/year.	Other	studies	assumed	different	
carbon	fixation/sequestration	and	storage	rates.	













The	 previously	mentioned	 assumptions	 contribute	 to	 the	 variation	 among	 the	 results	
presented	in	Figure	3-2.	Because	there	is	substantial	variation	between	the	estimates	and	
in	 the	 range	 of	 estimates	 from	 the	 studies,	 further	 analysis	 was	 conducted.	 Using	 a	
quartile	analysis,	50%	of	the	data	sources	suggest	that	afforestation/reforestation	could	





require	 significant	 economically-restrictive	 resources	 and	 inputs,	 the	 costs	 of	
implementing	this	CDR	approach	is	typically	lower	compared	to	other	CDR	options	which	
are	energy	 intensive.	Depending	on	geographic	 location,	opportunity	cost	of	 land,	and	
monitoring	 and	 oversight,	 afforestation/reforestation	 costs	 range	 from	 approximately	













































levelized	 for	 differences,	 there	 still	 is	 substantial	 variation	 among	 the	 estimates.	 This	
variation	can	be	attributed	to	several	factors	including	different	discount	rates	and	the	





and	 excluded	 operation	 and	 maintenance,	 monitoring,	 and	 certification	 costs.	 Torres	
(2010)	 included	 only	 direct	 landowner	 costs.	 An	 explicit,	 distinguishable	 difference	































To	 potentially	 account	 for	 this,	 Strengers	 (2008)	 decided	 to	 use	 a	 world	 average	
establishment	cost	figure	of	approximately	$435/ha,	which	accounts	for	the	cost	of	“land	










































slopes	 too	 steep	 for	 tree	 establishment.	 In	 2013,	 forest	 land	 occupied	 30.9%	 of	 the	




potential	 land	 uses.	 Some	 of	 those	 uses	 that	 are	 in	 direct	 competition	 with	
afforestation/reforestation	could	include	agriculture,	urban	development,	as	well	as	the	
other	 CDR	 options	 such	 as	 soil	 carbon	 sequestration	 and	 terrestrial	 BECCS.	 Given	 the	

















encourages	 registration	 of	 protected	 and	 sustainable	 use	 lands	 (Tollefson,	 2008).	
Developing	 countries	 that	 strive	 to	 reverse	 the	 effects	 of	 deforestation	 can	 receive	
support	 from	 the	 Reducing	 Emissions	 from	 Deforestation	 and	 Forest	 Degradation	 in	
Developing	 Countries	 (REDD+)	 program.	 Established	 by	 the	 United	 Nations,	 REDD+	
provides	support	not	only	to	countries	that	strive	to	reduce	emissions	from	deforestation	
but	also	those	that	are	enhancing	forest	carbon	stocks	(Fischer	et	al.,	2016)	




by	 forests.	 The	 European	 Union	 has	 created	 a	 model	 for	 this	 practice	 in	 the	 spatial	
assessment	of	ecosystem	services	commissioned	by	the	EU	Biodiversity	Strategy	(Maes	
et	al.,	2012).	Another	area	for	consideration	is	the	role	of	selective	harvesting,	allowing	
some	 economic	 benefits	 from	 forest	 management	 while	 promoting	 an	 overall	 net	







enhanced	 biodiversity,	 buffering	 against	 flooding,	 and	 localized	 climate	 moderation	
(Chazdon,	2008).	Forests	provide	habitat	and	a	rich	matrix	for	wildlife.	Their	root	systems	
increase	water	absorption	and	decrease	runoff	during	heavy	rain	events.	Furthermore,	
forested	 areas	 decrease	 the	 range	 of	 temperatures	 in	 surrounding	 areas.	 However,	












so	 it	 risks	becoming	 a	 future	 source	of	 CO2	 .	 Productive	use	 in	durable	 goods	 such	 as	










of	 theoretical	 and	 empirical	 research	 has	 been	 conducted	 regarding	 the	 viability,	
economic	costs,	and	CDR	potential	of	afforestation/reforestation	compared	to	some	of	
the	speculative	and	developing	CDR	approaches.	Further	research	is	still	needed	prior	to	
wide-scale	 implementation.	 A	 focus	 should	 be	 placed	 on	 determining	 the	 cost	 of	
afforestation/reforestation	 as	well	 as	which	 species	 or	mix	 of	 species	would	 yield	 the	
highest	CDR	potential	on	a	 regional	basis.	Additionally,	given	 the	projected	 impacts	of	
climate	change,	further	research	should	be	conducted	on	the	likelihood	of	permanence	
which	could	easily	be	affected	by	natural	and	anthropogenic	forces.	Determining	country-	
and	 region-specific	 information	 will	 be	 important	 before	 governments	 can	 decide	








implementation	 and	 extensive	 empirical	 research.	 Afforestation/reforestation	 has	 the	
potential	 to	 capture	 and	 store	 1.1	GtCO2e/year	 at	 an	 approximate	 cost	 of	 $30/tCO2e.	
However,	when	all	current	literature	is	considered,	the	estimates	range	between	0.02	–	
13.8	GtCO2e/year	at	a	price	between	$2	-	$100/tCO2e.	Further	research	is	necessary	to	























Soil	 carbon	 sequestration	 is	 a	 carbon	
dioxide	removal	(CDR)	option	that	relies	
on	 intentional	 land	 management	
targeted	 at	 increasing	 the	 storage	 of	
carbon	 as	 soil	 organic	 matter	 and	 in	
labile,	 inorganic	 forms.	While	 any	 type	
of	soil	can	be	a	carbon	sink,	this	report	
focuses	 specifically	 on	 conservation	
management	 of	 cropland	 and	 pastures	
as	 well	 as	 the	 conversion	 of	 former	
agricultural	 land	 to	 other	 uses	with	 higher	 CDR	potentials.	Within	 the	 latter	 scenario,	
former	agricultural	land	that	is	reforested	or	afforested	is	addressed	in	Chapter	3	of	this	
report.	The	ability	of	soil	to	remove	carbon	dioxide	(CO2)	from	the	air	is	dependent	on	
natural	processes	 that	 can	easily	be	altered	by	 changes	 in	management	practices.	 For	
instance,	switching	crop	varieties	could	result	 in	lower	carbon	sequestration	in	the	soil	
because	 of	 new	 plants	 that	 do	 not	 produce	 as	 much	 leaf	 litter.	 Alternatively,	 the	




As	 part	 of	 the	 global	 carbon	 cycle,	 plants	 take	 in	 CO2	 through	 photosynthesis,	





Additionally,	 annual	 deposition	 of	 dead	 organic	 material	 in	 the	 leaf	 layer	 can	 either	























matter,	 slow	 organic	matter,	 and	 stabilized	 organic	matter	 (Drinkwater,	 2008).	 Labile	
organic	matter	normally	has	entered	the	soil	through	the	leaf	 layer	or	the	root	system	
within	 the	past	1-2	years	and	can	most	easily	 return	 to	 the	atmosphere.	Slow	organic	
matter	 tends	 to	 have	 been	 in	 the	 ground	 for	 10-20	 years	 and	 exists	 lower	 in	 the	 soil	
horizon	where	oxygen	for	decomposition	is	less	available.	The	slow	organic	matter	is	still	








Agricultural	 practices	 have	 traditionally	 tilled	 up	 the	 soil	 before	 the	 planting	 of	 new	
crops.		This	process	can	break	up	old	roots	and	bury	undesirable	plant	material,	making	it	
easier	to	plant	the	new	crop.	This	practice	can	also	be	beneficial	to	crop	yields	because	it	







otherwise	be	bare	ground	during	 the	winter.	Cover	crops	provide	soil	 cover	 to	 lock	 in	
nutrients	that	might	otherwise	be	eroded.	They	also	increase	the	amount	of	carbon	in	soil	
organic	matter	when	 they	are	 left	on	 the	 field	at	 the	end	of	 the	growing	 season.	The	
second	conservation	agriculture	process	is	called	no-till,	and	it	involves	planting	directly	








is	covered	with	additional	plant	material	 (i.e.	 leaf	 litter	 in	a	 forest),	or	 is	
already	located	deep	in	the	soil	(i.e.	roots).		












and	 the	 management	 technique	 employed.	 Within	 the	 US,	 agricultural	 soils	 could	
potentially	 store	0.3-4.6	GtCO2e/yr	 through	 tillage	management	and	cropping	systems	
(Eagle,	2012).	The	practice	of	planting	cover	crops,	winter	crop	cover,	and	the	utilization	
of	conservation	reserve	programs	adds	to	the	potential	to	sequestering	an	extra	0.014-
.029	 GtCO2e/yr	 (Eagle,	 2012).	 Also,	 nutrient	 inputs	 and	 supplemental	 irrigation	 could	
potentially	sequester	0.011	–	0.03	GtCO2e/yr	(Eagle,	2012).			
Pasture	Land	
Pasture	 lands,	 used	 for	 grazing	 cattle,	 sheep,	 and	 other	 animal	 herds,	 pose	 another	
potential	 opportunity	 for	 soil	 carbon	 sequestration.	 The	 lack	 of	 physical	 disturbance	




Beyond	 terrestrial	 land	 that	 is	 actively	 managed	 by	 humans,	 wetlands	 have	 received	
substantial	attention	as	both	potential	carbon	sources	and	sinks.	An	estimated	500-700	
GtCO2e	 are	 stored	 in	wetlands	 around	 the	world,	 and	 the	 draining	 of	 these	 areas	 for	
agriculture	or	other	use	can	rapidly	release	substantial	quantities	of	greenhouse	gases	












options	 in	 specific	 regions	 and	based	on	 single	 land	or	 land	use	 scenarios.	 Combining	
information	 from	 studies	 across	 various	 scenarios,	 it	 is	 estimated	 that	 soil	 carbon	
sequestration	has	the	potential	to	sequester	and	store	between	0.1-13.1	GtCO2e/year.	
Figure	4-2	shows	the	CDR	potential	of	soils	by	source.		
As	 seen	 in	 Figure	 4-2,	 there	 is	 substantial	 variation	 between	 the	 estimates/range	 of	
estimates	 from	 the	 studies,	 0.1	 –	 13.14	 GtCO2e/year,	 therefore,	 further	 analysis	 was	
conducted.	 Using	 a	 quartile	 analysis,	 50%	 of	 the	 data	 suggests	 that	 soil	 carbon	

























































































performed	 for	 this	CDR	option.	Additionally,	 an	analysis	of	which	source	and	estimate	
were	the	most	credible	could	also	not	be	performed,	as	the	only	two	estimates	both	came	











to	variation	 in	rainfall,	 temperature,	and	soil	 type.	Jobbagy	&	Jackson	(2000)	 indicated	
that	total	soil	organic	carbon	increases	with	precipitation	and	clay	content	but	decreases	
with	 temperature.	 Kahle	 et	 al.	 (2012)	 demonstrated	 that	 soils	 with	 higher	 iron	 oxide	
content	tend	to	have	less	soil	carbon.	However,	going	beyond	overall	soil	organic	carbon	
content,	 the	 flux	 of	 carbon	 is	 based	 on	 the	 difference	 between	 production	 and	
decomposition	 of	 organic	 materials.	 In	 warm,	 humid	 climates,	 both	 production	 and	
decomposition	 accelerate,	 but	 decomposition	 increases	 at	 a	 relatively	 higher	 rate	
(Jobbagy	&	Jackson,	2000).	Lack	of	precipitation	constraints	plant	growth	in	arid	regions,	













Land	 use	 legislation	 provides	 a	 strong	 mechanism	 through	 which	 governments	 can	
promote	 soil	 carbon	 sequestration,	especially	on	agricultural	 land.	 The	Department	of	
Agriculture,	in	the	United	States,	administers	land	conservation	programs	including	the	










Another	 example	 of	 a	 public	 policy	 promoting	 soil	 carbon	 sequestration	 is	 the	 “4	 per	
1000”	Initiative.	France	launched	“4	per	1000”	as	a	side	event	to	the	COP21	meetings	in	




increase	 topsoil	 by	 0.4%	 annually	 through	 2025	 (4	 Pour	 1000,	 2015).	 Although	
government	initiatives	like	“4	per	1000”	do	not	provide	financial	incentives	for	soil	carbon	
sequestration,	 they	 serve	 as	 public	 awareness	 campaigns	 to	 promote	 improved	 soil	
management	practices.	While	 little	data	 is	available	on	 this	 relatively	 recent	 initiative,	




































clear	 data	 on	 implementation	 costs	 by	 region,	 crop,	 or	 management	 technique	 are	







































































































energy	 sources	 for	 electricity	 generation	 and	 heating	 application	 (Kung	 et	 al.,	
2013).			




























































































































































































































































































































Accelerated	 weathering	 is	 a	 speculative	
carbon	 dioxide	 removal	 (CDR)	 option	 that	
enhances,	 or	 accelerates,	 chemical	
weathering	processes	that	naturally	occur	 in	
nature.	Carbon	dioxide	(CO2)	is	removed	from	
the	 atmosphere	 through	 a	 reaction	 with	
water	 and	 calcium,	 magnesium,	 or	 iron	
silicate	minerals	such	as	olivine,	wollastonite,	
serpentine,	 or	 limestone	 to	produce	 soluble	
bicarbonate	 ions	and	a	solid	byproduct	(Rau	
&	Caldeira,	1999).	Even	though	it	is	still	in	the	




processes,	 there	 are	 several	 specific	 approaches	 to	 applying	 accelerated	weathering	 as	 a	CDR	








Accelerated	weathering	 is	 based	 on	 a	 chemical	 reaction	 that	 can	 be	 carried	 out	with	 several	
different	 reactants	 and	 in	 either	 in	 situ	 or	 ex	 situ	 settings.	 The	main	minerals	 considered	 as	
potential	source	material	 for	accelerated	weathering	are	magnesium,	calcium,	and	 iron	silicate	


















Matter	 et	 al.,	 2016;	 Rau	 et	 al.,	 2007).	 Some	 industrial	waste	 products	 high	 in	magnesium	 or	






































which	 contain	 olivine.	 The	 same	 reaction	 process	 would	 occur	 as	 described	 for	 wet	 mineral	
carbonization,	 with	 the	 products	 of	 the	 reaction	 piped	 out	 of	 the	 rock	 formation	 and	 either	
dissolved	in	the	ocean	or	transported	for	storage	(Keleman	&	Matter,	2008).		
The	Accelerated	Weathering	Process	
As	 envisioned	 by	 (Gerdemann	 et	 al.,	 2007),	 the	 overall	 process	 based	 on	 wet	 mineral	
carbonation	would	consist	of	the	following	steps:		
1. Pretreatment:	source	mineral,	from	either	industrial	waste	or	mining,	is	ground	to	the	























reviewed	 in	 this	 report	 included	 estimates	 for	 the	 entire	 world,	 either	 for	 a	 single	 type	 of	













































for	 each	 study.	 Kirchofer	 (2012)	 based	 separate	 estimates	 on	 the	 availability	 of	 each	 of	 four	
industrial	 byproducts	 and	a	naturally-occurring	mineral	within	 the	U.S.	 In	 a	 subsequent	 study,	
Kirchofer	(2013)	based	calculations	on	an	estimate	of	the	sand	and	gravel	mined	on	an	annual	
basis	 in	 the	 U.S.	 McLaren	 (2012)	 compiled	 estimates	 based	 on	 a	 range	 of	 CDR	 options	 and	
estimated	a	central	figure	for	soil	mineralization	with	olivine.	Keleman	&	Matter	(2008)	based	their	














field	 or	 pilot	 tests.	 Because	 most	 estimates	 of	 accelerated	 weathering’s	 costs	 are	 based	 on	
theoretical	assumptions,	they	present	a	wide	range	of	possible	costs.	Wet	mineral	carbonation	
processes	demonstrate	the	greatest	cost	variation	based	on	mineral	used.	In	the	same	study	by	






Of	 the	 estimates	provided,	Gerdemann	 (2007),	 Rau	 (2007)	 and	Rau	 (2013)	 are	based	on	wet	
carbon	mineralization.	McLaren	(2012)	and	Kohler	(2010)	are	based	on	soil	mineralization,	Rau	&	
Caldeira	(1999)	is	based	on	enhanced	carbon	dissolution.		
Again,	 as	 can	be	 seen	 in	 Figure	6-3,	 there	 is	 substantial	 variation	among	 the	estimates,	 $21	 -	
$537/tCO2e.	 Therefore,	 further	 analysis	 was	 conducted.	 Based	 on	 a	 quartile	 analysis	 from	 all	
sources,	50%	of	the	estimates	suggests	accelerated	weathering	costs	between	$32	-	$108/tCO2e	


































The	 geographic	 location	 where	 accelerated	 weathering	 can	 be	 implemented	 depends	
predominantly	on	the	processes	used.	Seawater	injection	into	basalt	rock	must	occur	in	coastal	

















































weathering,	 it	 would	 make	 wet	 mineral	 carbonation	 more	 economically	 feasible.	 Likewise,	
increased	dumping	costs	for	industrial	waste	could	create	a	market	for	the	use	of	ideal	inputs	such	
as	coal	fly	ash,	steel-making	slag,	and	cement	kiln	dust.		
On	 the	 other	 hand,	 soil	mineralization	 and	 seawater	 injection	 into	 basalts	 are	 two	 unproven	
options	that	would	depend	on	government	approval.	Spreading	olivine	or	another	mineral	over	a	
region	 large	 enough	 to	 have	 a	measurable	 CDR	 result	would	 likely	 require	 permission	 to	 use	





Accelerated	 weathering	 can	 provide	 broader	 benefits	 beyond	 its	 CDR	 potential	 through	
byproducts	and	the	relatively	low	impact	of	some	processes	such	as	wet	carbon	mineralization.	
Most	 forms	of	accelerated	weathering	 involve	carbonation	of	water,	which	creates	an	alkaline	




landfills	 (Giannoulakis,	 2014).	 Furthermore,	 when	 industrial	 byproducts	 are	 used	 as	 mineral	
sources,	the	disposal	of	those	products	as	industrial	waste	is	reduced	(Kirchofer	et	al.,	2013).	
Many	of	the	accelerated	weathering	processes	are	yet	untested,	so	concerns	remain	regarding	
potential	 negative	 consequences,	 especially	 for	 land-based	 options.	 Additionally,	 accelerated	

















GtCO2e/year	 at	 an	 approximate	 cost	 of	 $69/tCO2e.	 However,	 when	 all	 current	 literature	 is	
considered,	 the	 estimates	 range	 between	 0.001	 –	 18	 GtCO2e/year	 at	 a	 cost	 between	 $21	 -	
$537/tCO2e.	 Further	 development	 of	 scalable	 pilot	 projects	 along	 with	 research	 on	 full	






















Direct	 Air	 Capture	 (DAC)	 involves	 removing	
carbon	 dioxide	 (CO2)	 from	 the	 ambient	 air	
using	a	mechanical	device.	DAC	is	sometimes	
referred	 to	 as	 artificial	 trees.	 In	 DAC,	 air	 is	
forced	 through	 the	 DAC	 system	 which	
captures	CO2	and	concentrates	it	into	an	easily	
stored	form	(Socolow	et	al.,	2011).			
While	 a	 new	 concept	 for	 atmosphere	wide	
implementation,	 removal	 of	 CO2	 from	 the	
ambient	air	has	occurred	in	small	spaces	like	












































The DAC Process 










1. Air	 passes	 through	 a	 solid	 sorbent	 of	 negatively	 charged	 carbonate	 ions.	 The	
nanopores	of	the	material	capture	CO2.	

























































































that	 same	 level	 of	 sequestration.	 Chen	 (2013)	 estimated	 total	 carbon	 sequestration	 potential	
through	2100	based	off	1	MtCO2/yr	DAC	units	at	489	GtCO2	and	an	annual	rate	of	16	GtCO2	based	
on	similar	technology	to	the	APS	study.		






























































































































































































possible.	 Thus	 far,	 the	 trend	 towards	 decarbonization	 has	 not	 occurred	 fast	 enough.	 Before	
renewable	power	can	power	DAC	systems,	it	must	first	offset	fossil	fuel	generated	electricity	(Chen	
et	al.,	2013;	Mazzotti	et	al.,	2013;	Smith	et	al.,	2016).		




































































One	 of	 the	 most	 widely	 assumed	 carbon	
dioxide	 removal	 (CDR)	 options	 is	 terrestrial	
bioenergy	 with	 carbon	 capture	 and	 storage	
(BECCS)	 (Creutzig	 et	 al.,	 2014).	 BECCS	 is	 the	
process	 of	 capturing	 carbon	 dioxide	 (CO2),	
which	 accumulated	 in	 biomass	 while	 the	
vegetation	was	growing,	through	creating	an	
energy	 product.	 The	 two	 main	 energy	
products	 are	 electricity	 and	 biofuels.	
Bioenergy	 forms	 the	 foundation	 for	 BECCS.	
Bioenergy,	referring	to	energy	derived	from	recently	living	(as	opposed	to	fossil)	biomass,	accounts	
for	56	EJ	of	primary	energy	per	year	(World	Energy	Council,	2016).	This	is	roughly	10%	of	total	global	
primary	energy	use.	 The	markets	 include	domestic	heat,	 large-scale	 industrial	 and	 community	






































The	 main	 technologies	 used	 to	 convert	 biomass	 to	 heat	 and	 power	 include	 combustion,	
gasification,	co-firing	with	fossil	fuels,	and	anaerobic	digestion	(Bauen	et	al.,	2009).	Biomass	can	
come	in	the	form	of	energy	crops,	perennial	plants,	crop	residues,	harvested	wood,	forest	residues,	






















































































































































negative	 emissions	 potential.	 Johnson	 (2014)	 optimizes	 sequestration	 potential	 on	 US	 biofuel	
demand	from	IEA	2012	figures.	As	the	number	of	years	to	which	the	estimates	apply	increase,	the	
amount	of	sequestration	potential	trends	upwards.	Ricci	et	al.’s	2013	estimate	of	1.3	-	5.3	GtCO2/yr	
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estimates	 vary	 in	which	 costs	 are	 included	 in	 the	estimate.	 Smith	 (2016)	 and	Rochedo	 (2016)	
includes	capture,	transport,	and	storage	costs,	Johnson	(2014)	includes	transportation	costs	with	





































































































land	 in	one	 location	 is	 converted	 to	another	purpose	and	 subsequently,	new	agricultural	 land	
develops	elsewhere	(Bauen	et	al.,	2009),	specifically	by	clearcutting	tropical	rainforests	in	South	









to	pursue	CO2	 reduction	 strategies.	However,	 the	 true	 value	of	 BECCS	 still	 lies	 in	 its	 ability	 to	
sequester	carbon	from	the	atmosphere	(Sanchez	et	al.,	2015).	In	this	light,	BECCS	accomplishes	two	





long-term	 climate	 goals	 (Riahi	 et	 al.,	 2015).	 Creating	 the	 biomass	 necessary	 to	 meet	 the	
requirements	of	base-load	power	would	entail	a	significant	ramp	up	in	energy	crop	production.	This	










































































in	 other	 settings.	 Indirect	 land	 use	 change	may	 completely	 offset	 any	 CO2	 savings.	 It	 will	 be	
necessary	to	develop	a	better	understanding	of	biomass	utilization	trade-offs	involving	food	and	























Aquatic	 Bioenergy	 with	 Carbon	 Capture	 and	
Storage	 (BECCS)	 is	 a	 speculative	 Carbon	
Dioxide	 Removal	 (CDR)	 option	 that	 absorbs	
carbon	 dioxide	 (CO2)	 via	 plant	 growth	 in	 the	
ocean	 and	 then	 uses	 the	 harvested	 aquatic	
biomass	to	generate	energy	with	capture	and	
subsequent	 storage	 of	 CO2	 (N’yeurt	 et	 al.,	
2012).	 	Although	 a	 variety	 of	 aquatic	 species	
might	 be	 suitable	 as	 a	 feedstock	 for	 Aquatic	







well	 as	 sequester	CO2	 from	oceans	 (Nellemann	et	al.,	 2009;	N’yeurt	et	 al.,	 2012).	 Some	of	 its	
proponents	have	termed	the	expansion	of	seaweed	ecosystems,	ocean	macroalgal	afforestation	
(OMA).	Once	seaweed	has	grown,	 it	can	be	harvested	and	processed	through	a	biodigester	to	















































3. Processing:	 various	 energy	 conversion	 processes	 might	 be	 used,	 but	 an	 attractive	
option	 is	ocean-based	anaerobic	biodigestion.	The	resulting	products	would	 include	
biogas	(primarily	methane,	CH4),	recovered	nutrients,	CO2	and	other	wastes.		










Research	 has	 been	 conducted	 on	macroalgal	 growth	 and	 carbon	 fixation,	 as	 well	 as,	 BECCS,	
however,	very	little,	if	any	empirical	research	has	been	conducted	on	combining	the	two	topics.	In	
proposed	Aquatic	BECCS	systems,	the	uptake	of	CO2	from	the	atmosphere	and	its	subsequent	
storage	occur	 through	separate	processes	and	 in	different	geographic	 locations	 (N’yeurt	et	al.,	
2012).	This	geographic	separation	occurs	because	harvesting	is	carried	out	in	the	ocean,	whereas	
bioenergy	generation,	carbon	capture,	and	carbon	storage	can	be	carried	out	 in	the	ocean,	on	











Through	 the	 process	 of	 photosynthesis,	
seaweed	 takes	 in	 CO2	 from	 ocean	 water,	
converts	 it	 to	organic	material	 in	 the	 form	of	
above-seafloor	 and	 below-seafloor	 biomass	
(e.g.,	 blades,	 float,	 stripe,	 and	 holdfast)	 and	
then	 releases	 oxygen	 back	 into	 the	 ocean	
through	respiration	(Chung	et	al.,	2012).	Figure	
9-2	depicts	the	major	components	of	seaweed	
in	 which	 the	 organic	 material	 is	 stored.	 The	
rate	of	biomass	growth	is	highly	dependent	on	
ambient	 CO2	 concentrations	 and	 nutrients,	
light,	 temperature,	 water	 motion,	 upwelling,	

















digestion	 in	 its	 modeling	 because	 this	 data	 was	 available,	 most	 studies	 did	 not	 specify	 why	
























































The	wide	variation	 in	CDR	potential,	1.2	 -	53	GtCO2e/year,	 is	due	 to	 the	wide	 range	of	major	
assumptions	used	in	the	different	studies.	A	key	parameter	is	the	ocean	area	over	which	Aquatic	
BECCS	would	be	implemented.	Some	of	the	studies	specified	an	assumed	area,	others	presented	




probably	would	 be	 less	 than	 2%	 of	 the	 ocean	 surface.	 Hughes	 et	 al.	 (2012)	 assume	 an	 area	




















































implemented	 completely.	 Because	 of	 limited	 research	 on	 the	 economics,	 determining	 the	
financial	 cost	 of	 Aquatic	 BECCS	 is	 difficult.	 Although	 Aquatic	 BECCS	 utilizes	 natural	 processes	
(macroalgae	 growth),	 the	 process	 requires	 significant	 economic	 investments	 in	 resources	 and	
inputs.	Depending	on	geographic	 location,	 type	of	 anaerobic	digestion	 technologies	used,	 and	






















al.,	 are	 from	 a	 1990’s	 analysis	 which	 focused	 solely	 on	 producing	 bioenergy	 from	 ocean	
macroalgal	afforestation	(OMA),	excluding	carbon	capture	and	storage.	The	$92/tCO2e	estimate	is	
based	 on	 implementation	 in	 the	 open	 ocean	 and	 the	 $138/tCO2e	 estimate	 is	 based	 on	
implementation	 on	 the	 continental	 shelf.	 Both	 estimates	 exclude	 the	 costs	 of	 capturing,	
transporting,	and	storing	CO2	(Alpert	et	al.,	1992	as	cited	in	Ritschard,	1992).		
Again,	 as	 can	be	 seen	 in	 Figure	9-5,	 there	 is	 substantial	 variation	 among	 the	estimates,	 $18	 -	
$138/tCO2e.	Due	to	this	wide	variation	as	well	as	Alpert	et	al.’s	exclusion	of	the	carbon	capture	






surface	 area	on	earth,	 the	 actual	 location	where	macroalgae	 can	 grow	 for	harvesting	 is	 quite	
limited.	 Currently,	 macroalgae	 occupy	 approximately	 2%	 of	 the	 ocean	 surface	 (Duarte	 et	 al.,	
2005).	However,	this	estimate	includes	areas	where	macroalgae	is	growing	naturally	as	well	as	
planted	 for	harvesting.	When	 looking	at	 the	geographic	 scales	examined	 in	 the	 literature,	 the	
largest	 and	most	optimistic	 estimate	assumed	use	of	 9%	of	 the	ocean	 surface	 (N’yeurt	 et	 al.,	
2012).	That	would	amount	to	32.5	million	km2,	as	area	equal	to	21.8%	of	the	earth’s	land	area	
(Central	 Intelligence	 Agency,	 2016).	 In	 comparison,	 projections	 of	 large-scale	 terrestrial	
afforestation	and	reforestation,	utilize	2.3%	of	the	earth’s	land	area	(Central	Intelligence	Agency,	
2016;	Nilsson	&	Schopfhauser,	1995).		
The	 natural	 growth	 of	 macroalgae	 is	 typically	 limited	 to	 coastal	 areas	 that	 have	 moderately	
shallow	water.	 	However,	 open	ocean	macroalgae	 afforestation	 is	 possible	 (Buck	 et	 al.,	 2004;	
Chung	et	al.,	2012).	As	seen	in	Figure	9-6,	the	majority	of	seagrasses	currently	grown	are	near	
coastal	regions.	When	looking	solely	at	the	seaweed	aquaculture	market,	most	seaweed	grown	
for	consumption	occurs	off	 the	shores	of	China	 (54%	of	global	production),	 Indonesia	 (27%	of	
global	production),	Japan,	the	Philippines,	and	the	Republic	of	Korea	(Cottier-Cook,	2016).	Because		
the	 type	 of	 macroalgae,	 as	 well	 as,	 water	 conditions	 typically	 dictate	 the	 best	 location	 for	









a	water	 temperatures	between	25	 °C	 to	30	 °C,	and	a	minimum	water	salinity	of	28	parts	per	
thousand	 (ppt)	 (Foscarini	 &	 Prakash,	 1990).	 Although	 Eucheuma	 is	 similar	 to	 other	 seaweed	
species,	the	ideal	location	of	implementation	will	be	dependent	upon	the	species	or	vice	versa.		
Policy	Implications	





















their	 local	 communities	 and	 businesses	 to	 ensure	 collaboration	 is	 occurring	 between	
industries/constituents	 (Cottier-Cook,	 2016).	 For	 example,	 governmental	 agencies	will	 have	 to	
ensure	 collaboration	between	Aquatic	BECCS,	 seaweed	aquaculture	 for	 consumption,	 and	 the	
fishing	market.	Overall,	due	to	the	already-established	UN	Convention	on	the	Law	of	the	Seas,	
international	policy	will	only	have	to	be	executed	if	mass	implementation	of	Aquatic	BECCS	occurs.	





developing	economies;	 the	promotion	of	aquaculture	and	 the	associated	benefits	 such	as	 the	
creation	of	nursery	grounds	for	fish	and	crustaceans,	the	reduction	of	dissolved	nutrients	which	
reduces	occurrences	of	eutrophication,	seabed	protection	which	is	harmed	due	to	abrasive	fishing	






GHG	emissions	 impact.	Emissions	can	 result	 from	the	associated	 industrial	processes	 including	
biodigestion	and	bioenergy	production,	as	well	as,	from	the	operations	associated	with	growing	









occur.	 Various	 ecosystem	 shifts	 could	 occur	 such	 as	 changing	 the	 structure	 and	 function	 of	
ecosystems	and	the	associated	food	webs,	cross-breeding	among	the	wild	and	introduced	species,	
as	 well	 as,	 the	 unplanned	 spread	 of	 the	 species	 beyond	 the	 intended	 area	 thus	 potentially	









remaining	 in	the	storage	site	after	1,000	years.	A	 leakage	rate	of	1%	a	year	would	result	 in	all	
CO2	returning	to	the	atmosphere	after	400	years	(Hepple	&	Benson,	2005).		
Further	Research	




storage	 potentials	 is	 imperative	 before	 governments	 consider	 promoting	 an	 Aquatic	 BECCS	
initiative.	Additionally,	a	life	cycle	assessment	(LCA)	and	a	life	cycle	cost	analysis	(LCCA)	should	be	
conducted	 to	 analyze	 the	 full	 impacts	 of	 Aquatic	 BECCS	 including	 various	 storage	 options	 to	
account	 for	 the	 industrial	 process	 such	 as	 biodigestion,	 bioenergy	 production,	 and	 storage.	



































Ocean	 fertilization,	 sometimes	 known	 as	
ocean	 nourishment	 (Jones,	 2014),	 is	 a	
proposed	 Carbon	 Dioxide	 Removal	 (CDR)	
option	 that	 purposefully	 introduces	 specific	
nutrients	into	the	ocean	to	stimulate	growth	
in	 marine	 microscopic	 organisms	
(phytoplankton),	 thus	 removing	 carbon	
dioxide	 (CO2)	 from	 the	 atmosphere	 via	
photosynthesis	 by	 ocean	 organisms	 (NRC,	
2015;	 Williamson	 et	 al.,	 2012).	 Three	
nutrients	that	are	typically	thought	of	as	the	
limiting	 nutrients	 for	 phytoplankton	 growth	






both	 through	 diffusion	 and	 dissolution	 in	 ocean	water	 and	 through	 photosynthesis	 by	 ocean	
organisms	(Raven	&	Falkowski,	1999).		The	magnitude	of	the	net	ocean	sink	is	approximately	5.9	
GtCO2/yr	(IPCC,	2013).	Considering	oceans	occupy	over	70%	of	the	earth’s	surface	area	(Raven	&	
Falkowski,	 1999),	 a	 CDR	 approach	 that	 utilizes	 such	 a	 large	 percentage	 of	 the	 earth’s	 surface	
sounds	 promising.	 However,	 the	 introduction	 of	 these	 nutrients	 inevitably	 changes	 the	
















































However,	 if	 not	 consumed	 or	 remineralized,	 some	 dead	 and	 living	 phytoplankton	 and	 the	
associated	 carbon,	 known	 as	 export	 production,	 sink	 or	 are	 forced	 by	 mixing	 and	 advection	






























The	projected	CDR	potential	of	ocean	 fertilization	 is	dependent	on	 the	amount	of	 the	 limiting	
factor	 added,	 status	 of	 phytoplankton	 pre-fertilization,	 grazing	 pressure	 by	 zooplankton,	 the	
amount	of	time	the	atmosphere	had	contact	with	the	fertilized	area,	stratification,	and	mixing	of	
the	water	via	upwelling	and	advection,	 sinking	and	burial	 rates,	and	 light	conditions	 (Bertram,	
2008;	Denman,	2008;	Mayo-Ramsay,	2010;	Williamson	et	al.,	2012).	Based	on	research,	which	












































The	 variation	 in	 CDR	 potential,	 1	 -	 11.2	 GtCO2e/year,	 is	 due	 to	 the	 wide	 range	 of	 major	




entire	ocean	as	 an	 implementation	area	 for	 iron	 fertilization,	whereas,	 other	 studies	 specified	
specific	 regions,	 such	 as	 the	 entire	 North	 and	 Tropical	 Pacific	 Ocean	 (Jin	 et	 al.,	 2008),	 the	
temperate	ocean	 (Jones,	 2014),	 the	 Southern	Ocean	 (Joos	 et	 al.,	 1991;	 Kurz	&	Maier-Reimer,	
1993;	Rickels	et	al.,	2010;	Sarmiento	&	Orr,	1991),	and	any	high-nutrient,	low-chlorophyll	(HNLC)	
regions	(Matear	&	Wong,	1999).	Alternatively,	some	studies	based	their	assessment	on	a	percent	











purpose	 of	 this	 CDR	 option	 (Jones,	 2014).	 Additionally,	 Kurz	 &	 Maier-Reimer	 (1993)	 only	
measured	fertilization	effects	during	summer	months	(located	in	the	Southern	hemisphere)	and	






Kurz	&	Maier-Reimer	 (1993)	used	both	 their	 own	 scenarios	 as	well	 as	 IPCC	 scenarios.	 Kurz	&	
Maier-Reimer	 (1993)	 modeled	 three	 scenarios	 with	 the	 following	 attributes:	 (1)	 ocean	 iron	











As	 can	 be	 seen	 in	 Figure	 10-3,	 there	 is	 substantial	 variation	 between	 the	 estimates/range	 of	





Ocean	 fertilization	 is	 an	 aquatic	 management	 methodology	 that	 does	 not	 require	 significant	
capital	expenditures	or	the	development	of	new	technologies.	Depending	on	the	limiting	nutrient	
production	cost,	travel	distance	(delivery	cost),	and	potential	long-term	sequestration	and	storage	














































Rickels	 et	 al.	 (2012),	 “the	 critical	 unit	 costs	 are	defined	 as	 those	 that	would	make	 an	emitter	
indifferent	between	various	abatement	options”	(Rickels	et	al.,	2012).	
Again,	 as	 can	be	 seen	 in	 Figure	10-5,	 there	 is	 substantial	 variation	among	 the	estimates,	 $9	 -	


















































































exclusive	 economic	 zone	 (EEZ).	 The	 exclusive	 economic	 zone	 dictates	 the	 control	 over	 the	
economic	resources	in	waters	up	to	200	nautical	miles	away	from	the	baseline,	the	low-water	line	
of	the	coast.	Any	distance	past	the	EEZ	is	considered	international	waters	which	do	not	give	any	
specific	 country	 sovereignty	 (United	Nations,	 1982).	 Implementation	 of	 ocean	 fertilization	will	
most	likely	occur	in	international	waters	and	could	potentially	cause	disputes	between	countries.	










not	 occur	 on	 land,	 thus	 it	 is	 not	 affected	 by	 land	 competition.	 However,	 oceans	 are	 typically	
regarded	as	global	commons,	thus	conflicts	over	use	may	rise	between	nations.	Second,	ocean	
fertilization	would	be	 implemented	 in	 zones	not	 near	 the	 coastline	 and	with	 little	 aquatic	 life	
(NASA,	 2017a).	 Thus	 competition	 over	 fishing,	 recreation,	 tourism,	 aquaculture,	 and	 other	







little	aquatic	 life	exists,	 little	is	known	about	large-scale,	 long-term	impacts	of	adding	tonnes	of	
iron,	 nitrogen,	 or	 phosphorous	 to	 the	 ocean.	 	While	 there	 have	 been	 no	 observed	 negative	
impacts	 of	 the	 small-scale	 experiments	 that	 have	 already	 occurred,	 many	 scientists	 have	
speculated	 that	 these	 studies	 do	 not	 represent	 the	 potential	 negative	 damage	 that	 could	 be	
caused	by	large-scale	implementation	due	to	the	small	size	of	these	experiments	(Powell,	2008b).		
One	of	the	major	effects	that	could	occur	is	an	ecosystem	shift	that	affects	multiple	levels	of	the	
food	 chain	 (NRC,	 2015).	 First,	 by	 adding	 the	 limiting	 nutrient,	 multiple	 organisms,	 including	
phytoplankton,	will	 utilize	 it	 as	 a	 resource,	 increasing	 the	 population	of	 these	 organisms.	 This	



























In	 conclusion,	 ocean	 fertilization	 is	 a	 speculative	 CDR	 option	 due	 to	 the	 lack	 of	 large-scale	
implementation,	 as	 well	 as,	 the	 ecosystem	 impact	 concerns	 of	 large-scale	 ocean	 fertilization.	
Ocean	 fertilization	 has	 a	 potential	 likelihood	 to	 capture	 and	 store	 3.7	 GtCO2e/year	 at	 an	
approximate	 cost	 of	 $32/tCO2e.	However,	when	 all	 current	 literature	 is	 considered,	 estimates	
range	 between	 1.0	 –	 11.2	GtCO2e/year	 at	 a	 cost	 between	$9	 -	 $288/tCO2e.	 Further	 research	






































3,900	 GtCO2;	 matched	 capacity	 at	 290	 GtCO2;	 and	 utilized	 capacity	 0.034	 GtCO2.	 This	 meta-
analysis	 is	based	off	34	academic	articles.	Theoretical	capacity	 includes	all	 the	geologic	storage	
including	 sites	 that	 are	 unrealistic	 for	 injection.	 It	 is	 the	maximum	 upper	 limit.	 The	 effective	
capacity	 reduces	 the	 theoretical	 amount	 by	 engineering	 and	 geological	 constraints.	 Practical	

















(IPCC,	2005).	Saline	aquifers	are	 typically	 located	at	depths	below	800	meters	below	sea	 level	
(Bentham	&	Kirby,	 2005)	 and	 contain	water	 that	 cannot	 be	 used	 for	 human	 consumption	or	
agriculture	 (IPCC,	 2005).	 For	 CO2	 to	 be	 stored	 in	 a	 saline	 aquifer,	 concentrated	 CO2	must	 be	
pumped	into	the	pores	of	the	rocks	replacing	the	solution	of	dissolved	salt	and	water	(Benson	et	
al.,	2012).	Through	a	chemical	reaction	after	hundreds	or	thousands	of	years,	some	of	the	CO2	is	
transformed	 into	 carbonate	 minerals.	 These	 carbonate	 minerals	 become	 part	 of	 the	 rock	
formation	(Gunter	et	al.	2004).	
In	order	for	a	saline	aquifer	to	be	considered	for	CO2	storage,	there	are	several	properties	that	
must	be	met	 including	 location,	porosity	and	permeability,	and	depth.	For	example,	 the	saline	
aquifer	 must	 be	 located	 under	 a	 “cap	 rock”	 which	 restricts	 the	 leakage	 and	 release	 of	 CO2.	













been	 established,	 injection	 equipment	 will	 already	 be	 on-site,	 and	 geologic	 mapping	 to	
























(2016)	 also	 adopted	 a	 basin-specific	 analysis	 in	 order	 to	 assess	 the	 effective	potential	 storage	
capacity	of	coal	seams	in	China	which	equated	to	around	65	Gt	of	CO2.	However,	Benson	(2012)	
estimated	the	total	storage	potential	of	93	-	150	GtCO2	globally.	From	the	existing	estimates,	the	
great	variances	show	that	 there	 is	uncertainty	 in	 regards	 to	 the	CO2	storage	capacity	including	




basalt	 or	 peridotite	 rock	 formations.	 Similar	 to	 ex	 situ	 accelerated	 weathering	 (discussed	 in	











distinguishes	 itself	 from	other	 storage	 options	 that	 risk	 the	 escape	of	 CO2	 gas	 or	 brine	water	
(Matter	&	Keleman,	2009;	Matter	et	al.,	2016).	
Basalt	storage	is	currently	a	speculative	storage	option	that	has	not	been	pursued	at	mass	scale.	A	
pilot	project	called	CarbFix	 in	 Iceland	established	that	over	95%	of	CO2	 injected	as	a	dissolved	
solution	was	mineralized	within	two	years	(Matter	et	al.,	2016).	A	second	pilot	project,	the	Big	Sky	
Carbon	 Sequestration	 Partnership	 (BSCSP)	 near	 Wallula,	 Washington	 in	 the	 United	 States,	 is	
evaluating	the	reactivity	of	pure	CO2	without	the	presence	of	water	to	accelerate	the	reaction	
(Gislason	&	Oelkers,	2014).	Laboratory	and	pilot	project	results	indicate	that	the	amount	of	water	
needed	 to	 accelerate	 the	 carbon	 mineralization	 process	 decreases	 with	 temperature,	 lower	








estimated	 storage	 cost	 of	 $15/tCO2e,	 with	 storage	 through	 the	 BSCSP	 pilot	 project’s	 process	
expected	 to	cost	 less	 than	half	as	much	due	 to	 the	elimination	of	 the	cost	of	pumping	water	
(Gislason	&	Oelkers,	2014).	
Basalt	storage	is	not	yet	a	widely-used	storage	option,	so	concerns	remain	regarding	its	impact	on	
physical,	 geochemical,	 and	biogeochemical	 factors	 (Matter	 et	 al.,	 2009).	Until	 the	 carbonation	
reaction	 is	 completed,	 basalt	 storage	 requires	 the	 same	 impermeable	 cap	 that	 is	 needed	 for	
physical	storage	in	saline	aquifers	or	depleted	oil	and	gas	wells	(Matter	et	al.,	2009).	Storage	in	
deep-sea	basalts	would	minimize	the	leakage	risk	through	gravitational	trapping,	which	prevents	












a	 potential	 storage	 location.	 Offshore	 Sediment	 storage	 is	 very	 similar	 to	 terrestrial	 storage	
sites.		However,	it	is	not	the	same	as	ocean	storage,	which	will	be	covered	in	Chapter	12,	and	does	
not	suffer	the	same	potential	damaging	ecological	effects	that	ocean	storage	might	have.	 	Like	
terrestrial	 storage	 sites,	 offshore	 sediment	 storage	 needs	 a	 layer	 of	 porous	 rock,	 such	 as	
sandstone,	with	a	layer	of	non-porous	rock,	such	as	mudstone	or	shale,	to	act	as	a	cap	to	prevent	




















Economically	 speaking,	 any	 offshore	 activity	 tends	 to	 be	 more	 expensive	 due	 to	 the	 added	
complexity	 of	 doing	 things	 on,	 or	 under,	 the	water.	 However,	 there	 is	 potential	 for	 offshore	











of	 geologic	 storage,	 other	 CDR	 options	 store	 the	 captured	 or	 sequestered	 CO2	 in	 alternative	
locations	that	are	sometimes	more	or	less	energy	intensive.	Afforestation/reforestation	stores	the	
sequestered	 carbon	within	 the	 trunk,	 branches,	 stems,	 roots,	 and	 even	 the	 surrounding	 soil,	
similar	 to	 soil	 carbon	 sequestration	 (Vashum	 &	 Jayakumar,	 2012).	 Soil	 carbon	 sequestration	
typically	utilizes	plants	to	sequester	and	store	carbon	within	the	stems,	roots,	and	soil	(Bock	et	al.,	








































atmosphere	 through	 a	 physio-chemical	
process	 until	 CO2	 levels	 are	 at	 a	 state	 of	









































































































































































synthetic	or	natural	materials	which	may	float	or	remain	 in	suspension	 in	the	ocean	 in	such	a	
manner	that	they	may	interfere	materially”	(EPA,	2017).		It	is	unknown	if	the	storage	of	CO2	would	







The	oceans	compose	70%	of	the	earth’s	surface,	with	an	average	depth	 is	3,800	meters.	 	 It	 is	
estimated	 that	oceans	 contain	40,000	GtC,	while	 the	 storage	capacity	of	 the	atmosphere	and	
terrestrial	 biospheres	 are	 750	GtC	 and	 2,200	GtC	 respectively	 (Sabine	 et	 al.,	 2004).	 	 It	 is	 also	
estimated	that	80%	of	the	excess	CO2	will	be	sequestered	naturally	into	the	ocean	until	CO2	levels	
between	the	atmosphere	and	the	oceans	are	equalized.		However,	this	is	expected	to	take	a	very	












The	 concept	 of	 dumping	 crop	 residue	 into	 deep	 pockets	 of	 the	 ocean	 has	 its	 own	 benefits,	
challenges,	and	tradeoffs.		It	is	estimated	that	the	equivalent	of	0.87	GtCO2/year	could	be	stored	by	
adopting	this	method.		This	would	have	waste	from	agricultural	activity	shipped	to	the	coasts	and	
then	 transported	 out	 to	 a	 deep	 sea	 location	 where	 it	 would	 be	 dumped.	 At	 the	 deep	 sea	






potential	 to	have	a	major	biological	 impact,	which	could	potentially	 impact	global	 food	chains,	





Further	 research	 is	 needed	 regarding	 deep	 ocean	 ecosystems	 and	 how	 they	 affect	 the	 other	
ecosystems	which	people	rely	on.		Continued	research	is	needed	on	detailed	mapping	of	ocean	









In	 conclusion,	 it	 is	 estimated	 that	 ocean	 storage	 could	 store	 about	 0.55	 GtCO2e/year	 at	 an	

































those,	 bioenergy	 with	 carbon	 capture	 and	
storage,	 aquatic	 bioenergy	 with	 carbon	
capture	 and	 storage,	 and	 direct	 air	 capture	
produce	 concentrated	 streams	 of	 CO2.	 The	
prevailing	approach	 to	 storing	 this	CO2	 is	 to	
inject	it	into	geologic	storage	locations	where	
it	 will	 stay	 for,	 theoretically,	 thousands	 of	
years.	 Another	 option	 is	 available,	 carbon	
utilization.	Carbon	utilization	is	the	idea	that	the	CO2	which	is	collected	through	carbon	dioxide	
removal	(CDR)	options	does	not	have	to	be	a	passive	entity	to	be	stored.	Concentrated	CO2	is	a	
























Figure	 13-1	 shows	 CO2	 can	 be	 used	 in	 various	 industrial	 and	 commercial	ways,	 besides	 using	
captured	CO2	in	enhanced	oil	recovery	(EOR),	plastics,	or	concrete,	the	majority	of	carbon	utilization	




























































The	 National	 Energy	 Technology	 Laboratory	 (NETL)	 conducted	 a	 study,	 whose	 lead	 author	 is	

























































































































99%	of	 its	CO2	 for	one	thousand	years	 (Metz	et	al.,	2005).	There	have	not	been	any	reported	
instances	of	CO2	leakage	from	the	EOR	project	sites.	Other	considerations	like	regulations,	mineral	







































offset	 costs	of	 capture,	questions	 remain	about	 the	 safety	of	 such	a	process,	 especially	when	
considering	an	increase	of	EOR	activity	in	the	future,	and	the	impact	on	climate	change.		
139
References	
	
References	
 
4	Pour	1000.	(2015).	4	Per	1000:	Soils	for	Food	Security	and	Climate.	Retrieved	from	
http://4p1000.org/understand	
Ahlgren,	S.,	&	Di	Lucia,	L.	(2014).	Indirect	land	use	changes	of	biofuel	production–a	review	of	
modelling	efforts	and	policy	developments	in	the	European	Union.	Biotechnology	for	
biofuels,	7(1),	35.	http://dx.doi.org/10.1186/1754-6834-7-35	
Alpert,	S.	B.,	Spencer,	D.	F.,	&	Hidy,	G.	(1992).	Biospheric	options	for	mitigating	atmospheric	
carbon	dioxide	levels.	Energy	conversion	and	Management,	33(5-8),	729-736.	
http://dx.doi.org/10.1016/0196-8904(92)90078-B	
Aumont,	O.,	&	Bopp,	L.	(2006).	Globalizing	results	from	ocean	in	situ	iron	fertilization	
studies.	Global	Biogeochemical	Cycles,	20(2).	http://dx.doi.org/10.1029/2005GB002591	
Azar,	C.,	Lindgren,	K.,	Obersteiner,	M.,	Riahi,	K.,	van	Vuuren,	D.	P.,	den	Elzen,	K.	M.	G.,	...	&	Larson,	
E.	D.	(2010).	The	feasibility	of	low	CO2	concentration	targets	and	the	role	of	bio-energy	
with	carbon	capture	and	storage	(BECCS).	Climatic	Change,	100(1),	195-202.	
https://dx.doi.org/10.1007/s10584-010-9832-7	
Babcock,	B.	A.	(2012).	The	impact	of	US	biofuel	policies	on	agricultural	price	levels	and	
volatility.	China	Agricultural	Economic	Review,	4(4),	407-426.	
http://dx.doi.org/10.1108/17561371211284786	
Bachu,	S.,	Bonijoly,	D.,	Bradshaw,	J.,	Burruss,	R.,	Holloway,	S.,	Christensen,	N.	P.,	&	Mathiassen,	O.	
M.	(2007).	CO2	storage	capacity	estimation:	methodology	and	gaps.	International	Journal	
of	Greenhouse	Gas	Control,	1(4),	430-443.	http://dx.doi.org/10.1016/S1750-
5836(07)00086-2	
Bachu,	S.,	Shaw,	J.	C.,	&	Pearson,	R.	M.	(2004).	Estimation	of	oil	recovery	and	CO2	storage	capacity	
in	CO2	EOR	incorporating	the	effect	of	underlying	aquifers.	In	SPE/DOE	Symposium	on	
Improved	Oil	Recovery.	Society	of	Petroleum	Engineers.	
https://dx.doi.org/10.2118/89340-MS	
140
References	
	
Basu,	P.	(2013).	Biomass	gasification,	pyrolysis	and	torrefaction:	practical	design	and	theory.	
Academic	press.	Retrieved	from	https://books.google.com/books?hl=en&lr=&id=2-
G0SaWM80oC&oi=fnd&pg=PP1&dq=pelletization,+pyrolysis+and+torrefaction&ots=8jZC
4robBS&sig=CwBQgycmskbf7e6y73K_pMACT3U#v=onepage&q=pelletization%2C%20py
rolysis%20and%20torrefaction&f=false	
Bauen,	A.,	Berndes,	G.,	Junginger,	M.,	Londo,	M.,	Vuille,	F.,	Ball,	R.,	...	&	Mozaffarian,	H.	(2009).	
Bioenergy:	a	sustainable	and	reliable	energy	source.	A	review	of	status	and	prospects.	
Bioenergy:	a	sustainable	and	reliable	energy	source.	A	review	of	status	and	prospects.		
Retrieved	from	https://www.cabdirect.org/cabdirect/abstract/20113044518	
Beedlow,	P.	A.,	Tingey,	D.	T.,	Phillips,	D.	L.,	Hogsett,	W.	E.,	&	Olszyk,	D.	M.	(2004).	Rising	
atmospheric	CO2	and	carbon	sequestration	in	forests.	Frontiers	in	Ecology	and	the	
Environment,	2(6),	315-322.http://dx.doi.org/10.1890/1540-
9295(2004)002[0315:RACACS]2.0.CO;2	
Beke,	G.	J.	(1990).	Soil	Development	in	a	100-Year-Old	Dike	Near	Grand	Pre	Nova	Scotia.	Canadian	
Journal	of	Soil	Science,	70(4),	683–692.	http://dx.doi.org/10.4141/cjss90-070	
Benson,	S.	M.,	&	Surles,	T.	(2006).	Carbon	dioxide	capture	and	storage:	An	overview	with	
emphasis	on	capture	and	storage	in	deep	geological	formations.	Proceedings	of	the	IEEE,	
94(10),	1795-1805.	http://dx.doi.org/10.1109/JPROC.2006.883718	
Benson,	S.	M.,	K.	Bennaceur,	P.	Cook,	J.	Davison,	H.	de	Coninck,	K.	Farhat,	A.	Ramirez,	D.	Simbeck,	
T.	Surles,	P.	Verma	and	I.	Wright,	2012:	Chapter	13	-	Carbon	Capture	and	Storage.	In	
Global	Energy	Assessment	-	Toward	a	Sustainable	Future,	Cambridge	University	Press,	
Cambridge,	UK	and	New	York,	NY,	USA	and	the	International	Institute	for	Applied	Systems	
Analysis,	Laxenburg,	Austria,	pp.	993-1068.	Retrieved	from	
http://www.iiasa.ac.at/web/home/research/Flagship-Projects/Global-Energy-
Assessment/Chapte13.en.html		
Bentham,	M.,	&	Kirby,	M.	(2005).	CO2	storage	in	saline	aquifers.	Oil	&	gas	science	and	technology,	
60(3),	559-567.	Retrieved	from	http://science.uwaterloo.ca/~mauriced/earth691-
duss/CO2_General%20CO2%20Sequestration%20materilas/CO2_DeepSalineAuifers_ben
thman_vol60n3.pdf		
141
References	
	
Berndes,	G.,	Hoogwijk,	M.,	&	van	den	Broek,	R.	(2003).	The	contribution	of	biomass	in	the	future	
global	energy	supply:	a	review	of	17	studies.	Biomass	and	bioenergy,	25(1),	1-28.	
http://dx.doi.org/10.1016/S0961-9534(02)00185-X	
Bertram,	C.	(2010).	Ocean	iron	fertilization	in	the	context	of	the	Kyoto	protocol	and	the	post-Kyoto	
process.	Energy	Policy,	38(2),	1130-1139.	http://dx.doi.org/10.1016/j.enpol.2009.10.065	
Bock,	B.,	Rhudy,	R.,	Herzog,	H.,	Klett,	M.,	Davison,	J.,	De	La	Torre,	D.,	&	Simbeck,	D.	
(2003).	Economic	Evaluation	of	CO	2	Storage	and	Sink	Enhancement	Options.	TVA	Public	
Power	Institute.	Retrieved	from	http://www.brbock.com/RefFiles/40937R04.pdf		
Boyd,	P.	(2008).	Implications	of	large-scale	iron	fertilization	of	the	oceans:	Introduction	and	
Synthesis.	Marine	Ecology	Progress	Series,	364,	213-218.		
http://dx.doi.org/10.3354/meps07541	
	Buck,	B.	H.,	Krause,	G.,	&	Rosenthal,	H.	(2004).	Extensive	open	ocean	aquaculture	development	
within	wind	farms	in	Germany:	the	prospect	of	offshore	co-management	and	legal	
constraints.	Ocean	&	Coastal	Management,	47(3),	95-122.	
http://dx.doi.org/10.1016/j.ocecoaman.2004.04.002	
Burleson,	E.	(2016).	Paris	Agreement	and	Consensus	to	Address	Climate	Challenge.	ASIL	INSIGHT,	
Forthcoming.	Retrieved	from	https://www.asil.org/insights/volume/20/issue/8/paris-
agreement-and-consensus-address-climate-challenge		
Caldeira,	K.,	&	Rau,	G.	H.	(2000).	Accelerating	carbonate	dissolution	to	sequester	carbon	dioxide	in	
the	ocean:	Geochemical	implications.	Geophysical	Research	Letters.	
http://dx.doi.org/10.1029/1999GL002364		
Campbell,	J.	E.,	Lobell,	D.	B.,	Genova,	R.	C.,	&	Field,	C.	B.	(2008).	The	global	potential	of	bioenergy	
on	abandoned	agriculture	lands.	Environmental	science	&	technology,	42(15),	5791-5794.	
http://dx.doi.org/10.1021/es800052w	
Canadell,	J.	G.,	&	Raupach,	M.	R.	(2008).	Managing	forests	for	climate	change	mitigation.	science,	
320(5882),	1456-1457.	https://dx.doi.org/10.1126/science.1155458	
142
References	
	
Canadell,	J.	G.,	&	Schulze,	E.	D.	(2014).	Global	potential	of	biospheric	carbon	management	for	
climate	mitigation.	Nature	communications,	5.		Retrieved	from	
http://www.nature.com/articles/ncomms6282	
Cao,	L.,	&	Caldeira,	K.	(2010).	Can	ocean	iron	fertilization	mitigate	ocean	acidification?.	Climatic	
Change,	99(1-2),	303-311.	http://dx.doi.org/10.1007/s10584-010-9799-4	
CarbonEngineering.	(n.d.).	Industiral-Scale	Capture	of	CO2FromAmbient	Air.	Retrieved	February	
13,	2017,	from	http://carbonengineering.com/		
Central	Intelligence	Agency.	(2016).	World.	In	The	world	factbook.	Retrieved	from	
https://www.cia.gov/library/publications/the-world-factbook/geos/xx.html		
Chazdon,	R.	L.	(2008).	Beyond	deforestation:	restoring	forests	and	ecosystem	services	on	
degraded	lands.	science,	320(5882),	1458-1460.	
https://dx.doi.org/10.1126/science.1155365	
Chen,	C.,	&Tavoni,	M.	(2013).	Direct	air	capture	of	CO2	and	climate	stabilization:	A	model	based	
assessment.	Climatic	Change,	118(1),	59-72.	https://dx.doi.org/10.1007/s10584-013-
0714-7	
Chung,	I.	K.,	Beardall,	J.,	Mehta,	S.,	Sahoo,	D.,	&	Stojkovic,	S.	(2010).	Using	marine	macroalgae	for	
carbon	sequestration:	a	critical	appraisal.	Journal	of	Applied	Phycology,	23(5),	877-886.	
http://dx.doi.org/10.1007/s10811-010-9604-9	
Chung,	I.	K.,	Oak,	J.	H.,	Lee,	J.	A.,	Shin,	J.	A.,	Kim,	J.	G.,	&	Park,	K.	S.	(2012).	Installing	kelp	
forests/seaweed	beds	for	mitigation	and	adaptation	against	global	warming:	Korean	
Project	Overview.	ICES	Journal	of	Marine	Science:	Journal	du	Conseil,	fss206.	
https://dx.doi.org/10.1093/icesjms/fss206	
Clark,	S.,	&	Preto,	F.	(2011,	June).	Biomass	Burn	Characteristics.	Retrieved	February	12,	2017,	from	
http://www.omafra.gov.on.ca/english/engineer/facts/11-033.htm#3	
Climeworks.	(n.d.).	Capturing	CO2	from	air.	Retrieved	February	13,	2017,	from	
http://www.climeworks.com/	
143
References	
	
Contreras-Hermosilla,	A.	(2000).	The	underlying	causes	of	forest	decline	(No.	CIFOR	Occasional	
Paper	no.	30,	p.	25p).	CIFOR,	Bogor,	Indonesia.	https://dx.doi.org/10.17528/cifor/000626	
Cottier-Cook,	E.J.,	Nagabhatla,	N.,	Badis,	Y.,	Campbell,	M.,	Chopin,	T,	Dai,	W,	Fang,	J.,	He,	P,	Hewitt,	
C,	Kim,	G.	H.,	Huo,	Y,	Jiang,	Z,	Kema,	G,	Li,	X,	Liu,	F,	Liu,	H,	Liu,	Y,	Lu,	Q,	Luo,	Q,	Mao,	Y,	
Msuya,	F.	E,	Rebours,	C,	Shen,	H.,	Stentiford,	G.	D.,	Yarish,	C,	Wu,	H,	Yang,	X,	Zhang,	J,	
Zhou,	Y,	Gachon,	C.	M.	M.	(2016).Safeguarding	the	future	of	the	global	seaweed	
aquaculture	industry.	
United	Nations	University	and	Scottish	Association	for	Marine	Science	Policy	Brief.	ISBN	
978-92-808-6080-1.	12pp.	Retrieved	from	
http://voices.nationalgeographic.com/files/2016/08/Final-unu-seaweed-aquaculture-
policy-for-printing.pdf		
Creutzig,	F.	(2014).	Economic	and	ecological	views	on	climate	change	mitigation	with	bioenergy	
and	negative	emissions.	GCB	Bioenergy.	http://dx.doi.org/10.1111/gcbb.12235	
Dahowski,	R.T.,	Dooley,	J.J.,	Davidson,	C.L.,	Bachu,	S.,	&	Gupta,	N.	(2004).	Building	the	Costs	Curves	
for	CO2	Storage:	North	America.	IEA	Greenhouse	Gas	R&D	Programme.	Retrieved	from	
https://hub.globalccsinstitute.com/publications/building-cost-curves-co2-storage-north-
america/34-unmineable-coal-seams	
Deichs,	N.	&	Amador,	G.	(2016).	How	to	build	a	billion-dollar	industry	to	fight	climate	change.	
GreenBiz.	Retrieved	from	https://www.greenbiz.com/article/how-build-billion-dollar-
industry-fight-climate-change		
Denman,	K.	L.	(2008).	Climate	change,	ocean	processes	and	ocean	iron	fertilization.	Marine	
Ecology	Progress	Series,	364,	219-225.	https://dx.doi.org/10.3354/meps07542	
Dickinson,	D.,	Balduccio,	L.,	Buysse,	J.,	Ronsse,	F.,	van	Huylenbroeck,	G.,	&	Prins,	W.	(2015).	Cost-
benefit	analysis	of	using	biochar	to	improve	cereals	agriculture.	GCB	Bioenergy,	7,	850–
864.	http://dx.doi.org/10.1111/gcbb.12180		
Dooley,	J.	J.	(2013).	Estimating	the	Supply	and	Demand	for	Deep	Geologic	CO	2	Storage	Capacity	
over	the	Course	of	the	21st		Century:	A	Meta-analysis	of	the	Literature.	Energy	Procedia,	
37,	5141-5150.	http://dx.doi.org/10.1016/j.egypro.2013.06.429	
144
References	
	
Drinkwater,	L.E.,	Schipanski,	M.,	Snapp,	S.S.	&	Jackson,	L.	E.	(2008).	Ecologically	Based	Nutrient	
Management.	Agricultural	Systems:	Agroecology	and	Rural	Innovation	for	Development.	
Academic	Press.	6,	159-208.	Retrieved	from	
https://books.google.com/books?id=41UP2sxoJDwC&lpg=PP1&ots=sXkTlct6oo&dq=Drin
kwater,	L.E.,	Schipanski,	M.,	Snapp,	S.S.	%26	Jackson,	L.	E.	(2008).	Ecologically	Based	
Nutrient	Management.	Agricultural	Syst	
Duarte,	C.	M.,	Middelburg,	J.	J.,	&	Caraco,	N.	(2005).	Major	role	of	marine	vegetation	on	the	
oceanic	carbon	cycle.	Biogeosciences,	2(1),	1-8.	https://dx.doi.org/10.5194/bg-2-1-2005	
Eagle,	A.,	Olander,	L.,	Henry,L.R.,	Haugen-Kozyra,	K.,	Millar,	N.,	&	Robertson,	N.	(2012).	
Greenhouse	gas	mitigation	potential	of	agricultural	land	management	in	the	United	
States:	A	synthesis	of	the	literature.	Nicholas	Institute	for	Environmental	Policy	Solutions.	
Report	NI	R	10-04.	Retrieved	from	
https://nicholasinstitute.duke.edu/sites/default/files/publications/ni_r_10-
04_3rd_edition.pdf		
Ellsworth,	W.	L.	(2013).	Injection-induced	earthquakes.	Science,	341(6142),	1225942.	
https://dx.doi.org/10.1126/science.1225942	
EPA.gov,	(2017),	Learning	about	ocean	dumping,	Environmental	Protection	Agency,	Retrieved	on	
February	12,	2017,	Retrieved	from	https://www.epa.gov/ocean-dumping/learn-about-
ocean-dumping		
FAO.	(2009).	How	to	Feed	the	World	2050:	Global	Agriculture	towards	2050.	Office	of	the	Director,	
Agricultural	Development	Economics	Division	Economic	and	Social	Development	
Department,	Food	and	Agriculture	Organization.	Retrieved	from	
http://www.fao.org/fileadmin/templates/wsfs/docs/Issues_papers/HLEF2050_Global_Ag
riculture.pdf	
FAO.	(2014).	Agriculture,	Forestry	and	Other	Land	Use	Emissions	by	Sources	and	Removals	by	
Sinks.	Retrieved	from	http://www.fao.org/docrep/019/i3671e/i3671e.pdf		
FAO.	(2016).	Global	Forest	Resource	Assessment	2015:	How	are	the	world’s	forests	changing?	
Second	Ed.	Retrieved	from	http://www.fao.org/3/a-i4793e.pdf		
145
References	
	
Fischer,	R.,	Hargita,	Y.,	&	Günter,	S.	(2016).	Insights	from	the	ground	level?	A	content	analysis	
review	of	multi-national	REDD+	studies	since	2010.	Forest	Policy	and	Economics,	66,	47-
58.	http://dx.doi.org/10.1016/j.forpol.2015.11.003		
Foley,	J.	A.,	Ramankutty,	N.,	Brauman,	K.	A.,	Cassidy,	E.	S.,	Gerber,	J.	S.,	Johnston,	M.,	...	&	Balzer,	C.	
(2011).	Solutions	for	a	cultivated	planet	Nature,	478(7369),	337-342.	
http://dx.doi.org/10.1038/nature10452	
Foscarini,	R.,	&	Prakash,	J.	(1990).	Handbook	on	Eucheuma	seaweed	cultivation	in	Fiji.	Ministry	of	
Primary	Industries,	Fisheries	Division	and	South	Pacific	Aquaculture	Development	Project,	
Food	and	Agriculture	Organization	of	the	United	Nations.	Retrieved	from	
http://www.fao.org/docrep/field/003/AC287E/AC287E00.HTM	
Friedlingstein,	P.,	Andrew,	R.	M.,	Rogelj,	J.,	Peters,	G.	P.,	Canadell,	J.	G.,	Knutti,	R.,	...&	Le	Quéré,	C.	
	 (2014).	Persistent	growth	of	CO2	emissions	and	implications	for	reaching	climate	
targets.	Nature	geoscience,	7(10),	709-715.	https://dx.doi.org/10.1038/ngeo2248	
Fujioka,	Y.,	Ozaki,	M.,	Takeuchi,	K.,	Shindo,	Y.,	&	Herzog,	H.	J.	(1997).	Cost	Comparison	in	Various	
CO	2	Ocean	Disposal	Options.	~	Pergamon	Energy	Convers.	Mgmt,	38,	273–277,	
https://dx.doi.org/10.1016/S0196-8904(96)00281-6		
Fuss,	S.,	Reuter,	W.	H.,	Szolgayová,	J.,	&	Obersteiner,	M.	(2013).	Optimal	mitigation	strategies	with	
negative	emission	technologies	and	carbon	sinks	under	uncertainty.	Climatic	
Change,	118(1),	73-	87.	http://dx.doi.org/10.1007/s10584-012-0676-1	
Galinato,	S.	P.,	Yoder,	J.	K.,	&	Granatstein,	D.	(2011).	The	economic	value	of	biochar	in	crop	
production	and	carbon	sequestration.	Energy	Policy	,	(39),	6344–6350,	
http://dx.doi.org/10.1016/j.enpol.2011.07.035		
Gan,	W.,	&	Frohlich,	C.	(2013).	Gas	injection	may	have	triggered	earthquakes	in	the	Cogdell	oil	
field,	Texas.	Proceedings	of	the	National	Academy	of	Sciences,	110(47),	18786-18791.	
http://dx.doi.org/10.1073/pnas.1311316110	
García-Oliva,	F.,	&	Masera,	O.	R.	(2004).	Assessment	and	measurement	issues	related	to	soil	
carbon	sequestration	in	land-use,	land-use	change,	and	forestry	(LULUCF)	projects	under	
146
References	
	
the	Kyoto	protocol.	Climatic	Change,	65(3),	347-364.	
http://dx.doi.org/10.1023/B:CLIM.0000038211.84327.d9		
Gaunt,	J.	L.,	&	Lehmann,	J.	(2008).	Energy	balance	and	emissions	associated	with	biochar	
sequestration	and	pyrolysis	bioenergy	production.	Environmental	Science	and	
Technology.	http://dx.doi.org/10.1021/es071361i		
Gerbens-Leenes,	W.,	Hoekstra,	A.	Y.,	&	van	der	Meer,	T.	H.	(2009).	The	water	footprint	of	
bioenergy.	Proceedings	of	the	National	Academy	of	Sciences,	106(25),	10219-10223.	
http://dx.doi.org/10.1073/pnas.0812619106	
Gerdemann,	S.	J.,	O'Connor,	W.	K.,	Dahlin,	D.	C.,	Penner,	L.	R.,	&	Rush,	H.	(2007).	Ex	situ	aqueous	
mineral	carbonation.	Environmental	Science	&	Technology,	41(7),	2587-2593.	
http://dx.doi.org/10.1021/es0619253		
Giannoulakis,	S.,	Volkart,	K.,	&	Bauer,	C.	(2014).	Life	cycle	and	cost	assessment	of	mineral	
carbonation	for	carbon	capture	and	storage	in	European	power	generation.	International	
Journal	of	Greenhouse	Gas	Control,	21,	140-157.	
http://dx.doi.org/10.1016/j.ijggc.2013.12.002		
Gislason,	S.	R.	&	Oelkers,	E.	H.	(2014).	Carbon	storage	in	basalt.	Science,	344(6182),	373-374.	
http://dx.doi.org/10.1126/science.1250828		
Gislason,	S.	R.,	Wolff-Boenisch,	D.,	Stefansson,	A.,	Oelkers,	E.	H.,	Gunnlaugsson,	E.,	Sigurdardottir,	
H.,	...	&	Axelsson,	G.	(2010).	Mineral	sequestration	of	carbon	dioxide	in	basalt:	A	pre-
injection	overview	of	the	CarbFix	project.	International	Journal	of	Greenhouse	Gas	
Control,	4(3),	537-545.	http://dx.doi.org/10.1016/j.ijggc.2009.11.013		
Glibert,	P.	M.,	Azanza,	R.,	Burford,	M.,	Furuya,	K.,	Abal,	E.,	Al-Azri,	A.,	...	&	Berg,	G.	M.	(2008).	
Ocean	urea	fertilization	for	carbon	credits	poses	high	ecological	risks.	Marine	Pollution	
Bulletin,	56(6),	1049-1056.	http://dx.doi.org/10.1016/j.marpolbul.2008.03.010	
Goldberg,	D.	S.,	Takahashi,	T.,	&	Slagle,	A.	L.	(2008).	Carbon	dioxide	sequestration	in	deep-sea	
basalt.	Proceedings	of	the	National	Academy	of	Sciences,	105(29),	9920-9925.	
http://dx.doi.org/10.1073/pnas.0804397105	
147
References	
	
Goldberg,	D.	S.,	Takahashi,	T.,	&	Slagle,	A.	L.	(2008).	Carbon	dioxide	sequestration	in	deep-sea	
basalt.	Proceedings	of	the	National	Academy	of	Sciences,	105(29),	9920-9925.	
http://dx.doi.org/10.1073/pnas.0804397105		
Gough,	C.,	&	Vaughan,	N.	E.	(2015).	Synthesising	existing	knowledge	on	feasibility	of	BECCS.	
AVOID2	Report	WPD1a.	Retrieved	from	http://avoid-net-uk.cc.ic.ac.uk/wp-
content/uploads/delightful-downloads/2015/07/Synthesising-existing-knowledge-on-the-
feasibility-of-BECCS-AVOID-2_WPD1a_v1.pdf	
Gunter,	W.	D.,	Bachu,	S.,	&	Benson,	S.	(2004).	The	role	of	hydrogeological	and	geochemical	
trapping	in	sedimentary	basins	for	secure	geological	storage	of	carbon	dioxide.	Geological	
Society,	London,	Special	Publications,	233(1),	129-
145.		http://dx.doi.org/10.1144/GSL.SP.2004.233.01.09		
Harvey,	C.	(2016,	October	13).	We’re	placing	far	too	much	hope	in	pulling	carbon	dioxide	out	of	
the	air,	scientists	warn.	Retrieved	February	05,	2017,	from	
http://www.governorswindenergycoalition.org/?p=19246		
Heaton,	E.	A.,	Dohleman,	F.	G.,	&	Long,	S.	P.	(2008).	Meeting	US	biofuel	goals	with	less	land:	the	
potential	of	Miscanthus.	Global	change	biology,	14(9),	2000-2014.	
http://dx.doi.org/10.1111/j.1365-2486.2008.01662.x	
Heller,	Martin	C.,	Gregory	A.	Keoleian,	and	Timothy	A.	Volk.	(2003).	Life	cycle	assessment	of	a	
willow	bioenergy	cropping	system.	Biomass	and	Bioenergy.	25(2),	147-165.	
http://dx.doi.org/10.1016/S0961-9534(02)00190-3		
Hepple,	R.	P.,	&	Benson,	S.	M.	(2005).	Geologic	storage	of	carbon	dioxide	as	a	climate	change	
mitigation	strategy:	performance	requirements	and	the	implications	of	surface	
seepage.	Environmental	Geology,	47(4),	576-585.	https://dx.doi.org/10.1007/s00254-004-
1181-2	
Höller,	S.,	&	Viebahn,	P.	(2016).	Facing	the	uncertainty	of	CO	2	storage	capacity	in	China	by	
developing	different	storage	scenarios.	Energy	Policy,	89,	64-73.	
http://dx.doi.org/10.1016/j.enpol.2015.10.043	
148
References	
	
Holmes,	G.,	&	Keith,	D.	W.	(2012).	An	air–liquid	contactor	for	large-scale	capture	of	CO2	from	
air.	Phil.	Trans.	R.	Soc.	A,	370(1974),	4380-4403.	
https://dx.doi.org/10.1098/rsta.2012.0137	
Hoogwijk,	M.	M.	(2004).	On	the	global	and	regional	potential	of	renewable	energy	
sources	(Doctoral	dissertation).	Retrieved	from	
https://dspace.library.uu.nl/handle/1874/782	
House,	K.	Z.,	Baclig,	A.	C.,	Ranjan,	M.,	van	Nierop,	E.	A.,	Wilcox,	J.,	&	Herzog,	H.	J.	(2011).	Economic	
and	energetic	analysis	of	capturing	CO2	from	ambient	air.	Proceedings	of	the	National	
Academy	of	Sciences,	108(51),	20428-20433.	
http://dx.doi.org/10.1073/pnas.1012253108	
Hughes,	A.	D.,	Black,	K.	D.,	Campbell,	I.,	Davidson,	K.,	Kelly,	M.	S.,	&	Stanley,	M.	S.	(2012).	Does	
seaweed	offer	a	solution	for	bioenergy	with	biological	carbon	capture	and	
storage?.	Greenhouse	Gases:	Science	and	Technology,	2(6),	402-407.	
https://dx.doi.org/10.1007/s10811-014-0304-8		
IEA	GHG.	(2009).	CO	2	Storage	in	depleted	oilfields:	Global	application	criteria	for	carbon	dioxide	
enhanced	oil	recovery.	Cheltenham	Glos,	UK:	Prepared	by	Advanced	Resources	
International	and	Melzer	Consulting,	2009-12.	Retrieved	from	
https://www.globalccsinstitute.com/publications/co2-storage-depleted-oilfields-global-
application-criteria-carbon-dioxide-enhanced-oil	
Infinitree.	(n.d.).	Carbon	Capture	Greenhouse	Enrichment.	Retrieved	February	13,	2017,	from	
http://www.infinitreellc.com/	
IPCC	(2013).	2013:	Carbon	and	Other	Biogeochemical	Cycles.	In:	Climate	Change	2013:	The	
Physical	Science	Basis.	Contribution	of	Working	Group	I	to	the	Fifth	Assessment	Report	of	
the	Intergovernmental	Panel	on	Climate	Change	[Stocker,	T.F.,	D.	Qin,	G.-K.	Plattner,	M.	
Tignor,	S.K.	Allen,	J.	Boschung,	A.	Nauels,	Y.	Xia,	V.	Bex	and	P.M.	Midgley	(eds.)].	
Cambridge	University	Press,	Cambridge,	United	Kingdom	and	New	York,	NY,	USA.	
Retrieved	from	https://www.ipcc.ch/pdf/assessment-
report/ar5/wg1/WG1AR5_Chapter06_FINAL.pdf		
149
References	
	
IPCC.	(2005).	IPCC	special	report	on	carbon	dioxide	capture	and	storage.	Intergovernmental	Panel	
on	Climate	Change,	Geneva	(Switzerland).	Working	Group	III.	Retrieved	from	
https://www.ipcc.ch/pdf/special-reports/srccs/srccs_wholereport.pdf		
IPCC.	(2014).	Climate	Change	2014:	Mitigation	of	Climate	Change.	Contribution	of	Working	Group	
III	to	the	Fifth	Assessment	Report	of	the	Intergovernmental	Panel	on	Climate	Change	
[Edenhofer,	O.,	R.	Pichs-Madruga,	Y.	Sokona,	E.	Farahani,	S.	Kadner,	K.	Seyboth,	A.	Adler,	I.	
Baum,	S.	Brunner,	P.	Eickemeier,	B.	Kriemann,	J.	Savolainen,	S.	Schlömer,	C.	von	Stechow,	
T.	Zwickel	and	J.C.	Minx	(eds.)].	Cambridge	University	Press,	Cambridge,	United	Kingdom	
and	New	York,	NY,	USA.	Retrieved	from	https://www.ipcc.ch/pdf/assessment-
report/ar5/wg3/ipcc_wg3_ar5_full.pdf		
Jeffery,	S.,	Bezemer,	T.	M.,	Cornelissen,	G.,	Kuyper,	T.	W.,	Lehmann,	J.,	Mommer,	L.,	…	van	
Groenigen,	J.	W.	(2015).	The	way	forward	in	biochar	research:	Targeting	trade-offs	
between	the	potential	wins.	GCB	Bioenergy,	7(1),	1–13.	
http://dx.doi.org/10.1111/gcbb.12132		
Jin,	X.,	Gruber,	N.,	Frenzel,	H.,	Doney,	S.	C.,	&	McWilliams,	J.	C.	(2007).	The	impact	on	atmospheric	
CO	2	of	iron	fertilization	induced	changes	in	the	ocean's	biological	pump.	Biogeosciences	
Discussions,	4(5),	3863-3911.	http://dx.doi.org/10.5194/bgd-4-3863-2007	
Jobbágy,	E.	G.,	&	Jackson,	R.	B.	(2000).	The	vertical	distribution	of	soil	organic	carbon	and	its	
relation	to	climate	and	vegetation.	Ecological	applications,	10(2),	423-436.	
http://dx.doi.org/10.1890/1051-0761(2000)010[0423:TVDOSO]2.0.CO;2  
	Johnson,	N.,	Parker,	N.,	&	Ogden,	J.	(2014).	How	negative	can	biofuels	with	CCS	take	us	and	at	
what	cost?	Refining	the	economic	potential	of	biofuel	production	with	CCS	using	spatially-
explicit	modeling.	Energy	Procedia,	63,	6770-6791.	
http://dx.doi.org/10.1016/j.egypro.2014.11.712	
Jones,	I.	(2014).	The	cost	of	carbon	management	using	ocean	nourishment.	International	Journal	
of	Climate	Change	Strategies	and	Management,	6(4),	391-400.	
http://dx.doi.org/10.1108/IJCCSM-11-2012-0063	
Jones,	I.	S.	F.,	Young,	H.	E.,	Jones,	I.	S.	F.,	&	Young,	H.	E.	(2009).	The	potential	of	the	ocean	for	the	
management	of	global	warming.	Int.	J.	Global	Warming,	13(123),	43–56.	Retrieved	from	
150
References	
	
http://sydney.edu.au/science/usims/ocean_technology/research/papers/IJGW09Agu08Jf
08.pdf		
Joos,	F.,	Sarmiento,	J.	L.,	&	Siegenthaler,	U.	(1991).	Estimates	of	the	effect	of	Southern	Ocean	iron	
fertilization	on	atmospheric	CO2	concentrations.	http://dx.doi.org/10.1038/349772a0	
Kahle,	M.,	Kleber,	M.,	&	Jahn,	R.	(2002).	Predicting	carbon	content	in	illitic	clay	fractions	from	
surface	area,	cation	exchange	capacity	and	dithionite-extractable	iron.	European	Journal	
of	Soil	Science,	53(4),	639-644.	http://dx.doi.org/10.1046/j.1365-2389.2002.00487.x		
Kato,	E.	(2016,	November	18).	A	sustainable	pathway	of	bioenergy	with	carbon	capture	and	
storage	deployment.	Lecture	presented	at	GHGT	13	in	Switzerland,	Lausanne.	
Kato,	E.,	&	Yamagata,	Y.	(2014).	BECCS	capability	of	dedicated	bioenergy	crops	under	a	future	
land-use	scenario	targeting	net	negative	carbon	emissions.	Earth's	Future,	2(9),	421-439.	
http://dx.doi.org/10.1002/2014EF000249	
Keith,	D.	W.,	Ha-Duong,	M.,	&Stolaroff,	J.	K.	(2006).	Climate	strategy	with	CO2	capture	from	the	
air.	Climatic	Change,	74(1-3),	17-45.	Lackner,	K.	S.	(2010).	Washing	carbon	out	of	the	
air.	Scientific	American,	302(6),	66-71.	https://dx.doi.org/10.1007/s10584-005-9026-x	
Kelemen,	P.	B.,	&	Matter,	J.	(2008).	In	situ	carbonation	of	peridotite	for	CO2	storage.	Proceedings	
of	the	National	Academy	of	Sciences,	105(45),	17295-17300.	
http://dx.doi.org/10.1073/pnas.0805794105		
Kirchofer,	A.,	Becker,	A.,	Brandt,	A.,	&	Wilcox,	J.	(2013).	CO2	mitigation	potential	of	mineral	
carbonation	with	industrial	alkalinity	sources	in	the	United	States.	Environmental	Science	
&	Technology,	47(13),	7548-7554.	http://dx.doi.org/10.1021/es4003982		
Kirchofer,	A.,	Brandt,	A.,	Krevor,	S.,	Prigiobbe,	V.,	&	Wilcox,	J.	(2012).	Impact	of	alkalinity	sources	
on	the	life-cycle	energy	efficiency	of	mineral	carbonation	technologies.	Energy	&	
Environmental	Science,	5(9),	8631-8641.	http://dx.doi.org/10.1039/C2EE22180B		
Köhler,	P.,	Hartmann,	J.,	&	Wolf-Gladrow,	D.	A.	(2010).	Geoengineering	potential	of	artificially	
enhanced	silicate	weathering	of	olivine.	Proceedings	of	the	National	Academy	of	Sciences,	
107(47),	20228-20233.	http://dx.doi.org/10.1073/pnas.1000545107		
151
References	
	
Kriegler,	E.,	Edenhofer,	O.,	Reuster,	L.,	Luderer,	G.,	&	Klein,	D.	(2013).	Is	atmospheric	carbon	
dioxide	removal	a	game	changer	for	climate	change	mitigation?.	Climatic	Change,	118(1),	
45-57.	http://dx.doi.org/10.1007/s10584-012-0681-4	
Kulkarni,	A.	R.,	&Sholl,	D.	S.	(2012).	Analysis	of	equilibrium-based	TSA	processes	for	direct	capture	
of	CO2	from	air.	Industrial	&	Engineering	Chemistry	Research,	51(25),	8631-8645.	
https://dx.doi.org/10.1021/ie300691c	
Kung,	C.-C.,	McCarl,	B.	A.,	&	Cao,	Z.	(2013).	Economics	of	pyrolysis-based	energy	production	and	
biochar	utilization:	A	case	study	in	Taiwan.	Energy	Policy	,	(60),	317–323,	
http://dx.doi.org/10.1016/j.enpol.2013.05.029		
Kurz,	K.	D.,	&	Maier-Reimer,	E.	(1993).	Iron	fertilization	of	the	austral	ocean—the	Hamburg	model	
assessment.	Global	Biogeochemical	Cycles,	7(1),	229-244.	
http://dx.doi.org/10.1029/92GB02910	
Kuuskraa,	V.	A.,	Godec,	M.	L.,	&	Dipietro,	P.	(2013).	CO2	utilization	from	“next	generation”	CO	2	
enhanced	oil	recovery	technology.	Energy	Procedia,	37,	6854-6866.	
http://dx.doi.org/10.1016/j.egypro.2013.06.618	
Kuuskraa,	V.	A.,	Van	Leeuwen,	T.,	Wallace,	M.,	&	DiPietro,	P.	(2011).	Improving	Domestic	Energy	
Security	and	Lowering	CO2	Emissions	with	“Next	Generation”	CO2-Enhanced	Oil	Recovery	
(CO2-EOR).	National	Energy	Technology	Laboratory,	Pittsburgh,	PA,	USA.	Retrieved	from	
https://www.netl.doe.gov/research/energy-analysis/search-
publications/vuedetails?id=569		
Lackner,	K.	S.	(2010).	Washing	carbon	out	of	the	air.	Scientific	American,	302(6),	66-71.	
https://dx.doi.org/10.1038/scientificamerican0610-66	
Lackner,	K.	S.,	Brennan,	S.,	Matter,	J.	M.,	Park,	A.	H.	A.,	Wright,	A.,	&	Van	Der	Zwaan,	B.	(2012).	The	
urgency	of	the	development	of	CO2	capture	from	ambient	air.	Proceedings	of	the	
National	Academy	of	Sciences,	109(33),	13156-13162.	
http://dx.doi.org/10.1073/pnas.1108765109	
152
References	
	
Lake,	L.	W.,	Johns,	R.	T.,	Rossen,	W.	R.,	&	Pope,	G.	(2014).	Fundamentals	of	enhanced	oil	recovery.	
Society	of	Petroleum	Engineers.	Retrieved	from	http://store.spe.org/Fundamentals-of-
Enhanced-Oil-Recovery-P921.aspx		
Lal,	R.	(2005).	Forest	soils	and	carbon	sequestration.	Forest	ecology	and	management,	220(1),	
242-258.	http://dx.doi.org/10.1016/j.foreco.2005.08.015		
Lampitt,	R.	S.,	Achterberg,	E.	P.,	Anderson,	T.	R.,	Hughes,	J.	A.,	Iglesias-Rodriguez,	M.	D.,	Kelly-
Gerreyn,	B.	A.,	...	&	Smythe-Wright,	D.	(2008).	Ocean	fertilization:	a	potential	means	of	
geoengineering?.	Philosophical	Transactions	of	the	Royal	Society	of	London	A:	
Mathematical,	Physical	and	Engineering	Sciences,	366(1882),	3919-3945.	
http://dx.doi.org/10.1098/rsta.2008.0139	
Lehmann,	J.,	Gaunt,	J.,	&	Rondon,	M.	(2006).	Bio-char	sequestration	in	terrestrial	ecosystems–a	
review.	Mitigation	and	adaptation	strategies	for	global	change,	11(2),	395-419,	
http://dx.doi.org/10.1007/s11027-005-9006-5	
Lehmann,	J.,	Rillig,	M.,	Theis,	J.,	Masiello,	C.,	Hockaday,	W.,	Crowley,	D.	(2011).	Biochar	effects	on	
soil	biota	-	A	review.	Soil	Biology	and	Biochemistry.	(43),	1812-1836.		
http://dx.doi.org/10.1016/j.soilbio.2011.04.022	
Lenton,	T.	M.	(2010).	The	potential	for	land-based	biological	CO2	removal	to	lower	future	
atmospheric	CO2	concentration.	Carbon	Management,	1(1),	145-160.	
https://dx.doi.org/10.4155/cmt.10.12	
Lindley,	J.	(2011).	EOR	Process	Drawings.	Retrieved	April	10,	2017,	from	
https://www.netl.doe.gov/research/oil-and-gas/enhanced-oil-recovery/eor-process-
drawings	
Lu,	W.,	Sculley,	J.	P.,	Yuan,	D.,	Krishna,	R.,	&	Zhou,	H.	C.	(2013).	Carbon	dioxide	capture	from	air	
using	amine-grafted	porous	polymer	networks.	The	Journal	of	Physical	Chemistry	
C,	117(8),	4057-4061.	https://dx.doi.org/10.1021/jp311512q	
MacDicken,	K.,	Jonsson,	Ö.,	&	Piña,	L.	(2016).	Global	forest	resources	assessment	2015:	How	are	
the	world’s	forests	changing	-	Second	Edition.	Food	and	Agriculture	Organization	of	the	
United	Nations	(FAO),	Rome.	Retrieved	from	http://www.fao.org/3/a-i4793e.pdf		
153
References	
	
Maes,	J.,	Egoh,	B.,	Willemen,	L.,	Liquete,	C.,	Vihervaara,	P.,	Schägner,	J.	P.,	...	&	Bouraoui,	F.	(2012).	
Mapping	ecosystem	services	for	policy	support	and	decision	making	in	the	European	
Union.	Ecosystem	Services,	1(1),	31-39.	http://dx.doi.org/10.1016/j.ecoser.2012.06.004		
Magdoff,	F.	&	Van	Es,	H.	(2000).	Building	Soils	for	Better	Crops.	Sustainable	Agriculture	
Publications,	Burlington,	VA.	Retrieved	from	
http://www.nysenvirothon.net/Referencesandother/bettersoils.pdf	
Marieni,	C.,	Henstock,	T.	J.,	&	Teagle,	D.	A.	(2013).	Geological	storage	of	CO2	within	the	oceanic	
crust	by	gravitational	trapping.	Geophysical	Research	Letters,	40(23),	6219-6224.	
http://dx.doi.org/doi:10.1002/2013GL058220	
Marine	Education	Society	of	Australasia.	(2015).	Marine	Algae.	Retrieved	from	
http://www.mesa.edu.au/marine_algae/default.asp		
Mariyamma,	P.	N.,	Yan,	S.,	Tyagi,	R.	D.,	Surampalli,	R.	Y.,	&	Zhang,	T.	C.	(2014).	Enhanced	Carbon	
Sequestration	in	Ocean:	Principles,	Strategies,	Impacts	and	Future	Perspectives	16.1	
Background	of	CO	2	Sequestration	in	Ocean.	In	Carbon	Capture	and	Storage	(pp.	455–
474).	Retrieved	from	
http://site.ebrary.com.proxy.lib.umich.edu/lib/umich/detail.action?docID=11018361		
Markels,	M.,	Sato,	T.,	Chen,	L.,	&	Jones,	I.	S.	F.	(2011).	Enhanced	Carbon	Storage	in	the	Ocean,	
(November),	1–66.	Retrieved	from	http://www.earthoceanspace.com/pdfs/enhanced-
carbon-storage-in-the-ocean		
Masera,	O.	R.,	Garza-Caligaris,	J.	F.,	Kanninen,	M.,	Karjalainen,	T.,	Liski,	J.,	Nabuurs,	G.	J.,	...	&	
Mohren,	G.	M.	J.	(2003).	Modeling	carbon	sequestration	in	afforestation,	agroforestry	and	
forest	management	projects:	the	CO2FIX	V.	2	approach.	Ecological	modelling,	164(2),	177-
199.	http://dx.doi.org/10.1016/S0304-3800(02)00419-2		
Matear,	R.	&	Wong,	C.	(1999)	Potential	to	Increase	the	Oceanic	CO2	Uptake	by	Enhancing	Marine	
Productivity	in	High	Nutrient	Low	Chlorophyll	Regions,	in	Greenhouse	Gas	Control	
Technologies,	edited	by	B.	Eliasson	et	al.,	pp	1205,	Pergamon,	Interlaken	Switzerland.	
Retrieved	from	https://www.elsevier.com/books/greenhouse-gas-control-
technologies/wilson/978-0-08-044704-9	
154
References	
	
Matter,	J.	M.,	&	Kelemen,	P.	B.	(2009).	Permanent	storage	of	carbon	dioxide	in	geological	
reservoirs	by	mineral	carbonation.	Nature	Geoscience,	2(12),	837-841.	
http://dx.doi.org/10.1038/ngeo683		
Matter,	J.	M.,	Broecker,	W.	S.,	Stute,	M.,	Gislason,	S.	R.,	Oelkers,	E.	H.,	Stefánsson,	A.,	...	&	
Björnsson,	G.	(2009).	Permanent	carbon	dioxide	storage	into	basalt:	the	CarbFix	pilot	
project,	Iceland.	Energy	Procedia,	1(1),	3641-3646.	
http://dx.doi.org/10.1016/j.egypro.2009.02.160		
Matter,	J.	M.,	Stute,	M.,	Snæbjörnsdottir,	S.	Ó.,	Oelkers,	E.	H.,	Gislason,	S.	R.,	Aradottir,	E.	S.,	...	&	
Axelsson,	G.	(2016).	Rapid	carbon	mineralization	for	permanent	disposal	of	anthropogenic	
carbon	dioxide	emissions.	Science,	352(6291),	1312-1314.	
http://dx.doi.org/10.1126/science.aad8132		
Mayo-Ramsay,	J.	(2010).	Environmental,	legal	and	social	implications	of	ocean	urea	fertilization:	
Sulu	sea	example.	Marine	Policy,	34(5),	831-835.	
http://dx.doi.org/10.1016/j.marpol.2010.01.004	
Mazzotti,	M.,	Baciocchi,	R.,	Desmond,	M.	J.,	&Socolow,	R.	H.	(2013).	Direct	air	capture	of	CO2	with	
chemicals:	optimization	of	a	two-loop	hydroxide	carbonate	system	using	a	countercurrent	
air-liquid	contactor.	Climatic	Change,	118(1),	119-135.	
https://dx.doi.org/10.1007/s10584-012-0679-y	
McCarl,	B.,	Peacocke,	C.,	Chrisman,	R.,	Kung,	C.,	&	Sands,	R.	(2009).	Economics	of	biochar	
production,	utilization	and	greenhouse	gas	offsets.	In	J.	Lehmann	&	S.	Joseph	(Eds.),	
Biochar	for	environmental	management:	science	and	technology		(pp.	341–358).	Stirling,	
VA,	USA:	Earthscan,	
https://books.google.com/books?id=NjngCgAAQBAJ&lpg=PA341&ots=oLH1EjgerF&dq=
McCarl%2C%20B.%2C%20Peacocke%2C%20C.%2C%20Chrisman%2C%20R.%2C%20Kun
g%2C%20C.%2C%20%26%20Sands%2C%20R.%20(2009).%20Economics%20of%20bioch
ar%20production%2C%20utilization%20a		
McDonald,	T.	M.,	Lee,	W.	R.,	Mason,	J.	A.,	Wiers,	B.	M.,	Hong,	C.	S.,	&	Long,	J.	R.	(2012).	Capture	of	
carbon	dioxide	from	air	and	flue	gas	in	the	alkylamine-appended	metal–organic	
155
References	
	
framework	mmen-Mg2	(dobpdc).	Journal	of	the	American	Chemical	Society,	134(16),	
7056-7065.	https://dx.doi.org/10.1021/ja300034j	
McLaren,	D.	(2012).	A	comparative	global	assessment	of	potential	negative	emissions	
technologies.	Process	Safety	and	Environmental	Protection,	90(6),	489-500.	
http://dx.doi.org/10.1016/j.psep.2012.10.005		
McLaughlin,	S.	B.,	&	Walsh,	M.	E.	(1998).	Evaluating	environmental	consequences	of	producing	
herbaceous	crops	for	bioenergy.	Biomass	and	Bioenergy,	14(4),	317-324.	
http://dx.doi.org/10.1016/S0961-9534(97)10066-6	
Melillo,	J.	M.,	Lu,	X.,	Kicklighter,	D.	W.,	Reilly,	J.	M.,	Cai,	Y.,	&	Sokolov,	A.	P.	(2016).	Protected	areas’	
role	in	climate-change	mitigation.	Ambio,	45(2),	133-145.	
https://dx.doi.org/10.1007/s13280-015-0693-1	
Metz,	B.,	Davidson,	O.,	De	Coninck,	H.,	Loos,	M.,	&	Meyer,	L.	(2005).	IPCC	special	report	on	carbon	
dioxide	capture	and	storage.	Intergovernmental	Panel	on	Climate	Change,	Geneva	
(Switzerland).	Working	Group	III.	Retrieved	from	https://www.ipcc.ch/pdf/special-
reports/srccs/srccs_wholereport.pdf	
Metzger,	R.	A.,	&	Benford,	G.	(2001).	Sequestering	of	atmospheric	carbon	through	permanent	
disposal	of	crop	residue.	Climatic	Change	,	(49),	11–19,	
http://dx.doi.org/10.1023/A:1010765013104	
Meyer,	S.,	Glaser,	B.,	&	Quicker,	P.	(2011).	Technical,	Economical,	and	Climate-Related	Aspects	of	
Biochar	Production	Technologies:	A	Literature	Review.	Environ.	Sci.	Technol,	45,	9473–
9483.	http://dx.doi.org/10.1021/es201792c		
Middleton,	R.	S.	(2013).	A	new	optimization	approach	to	energy	network	modeling:	
anthropogenic	CO2	capture	coupled	with	enhanced	oil	recovery.	International	Journal	of	
Energy	Research,	37(14),	1794-1810.	http://dx.doi.org/10.1002/er.2993	
Mitchell,	S.	R.,	Harmon,	M.	E.,	&	O'connell,	K.	E.	(2012).	Carbon	debt	and	carbon	sequestration	
parity	in	forest	bioenergy	production.	Gcb	Bioenergy,	4(6),	818-827.	
http://dx.doi.org/10.1111/j.1757-1707.2012.01173.x	
156
References	
	
Mitsch,	W.	J.	&	Gosselink,	J.	G.	(2015)	Wetlands.	(5th	ed.)	Hoboken,	New	Jersey:	John	Wiley	&	
Sons,	Inc.	Retrieved	from	http://www.wiley.com/WileyCDA/WileyTitle/productCd-
1118676823.html		
Mitsch,	W.	J.,	Bernal,	B.,	Nahlik,	A.	M.,	Mander,	Ü.,	Zhang,	L.,	Anderson,	C.	J.,	...	&	Brix,	H.	(2013).	
Wetlands,	carbon,	and	climate	change.	Landscape	Ecology,	28(4),	583-597.	Retrieved	
from	http://dx.doi.org/10.1007/s10980-012-9758-8	
Möllersten,	K.,	Yan,	J.,	&	Moreira,	J.	R.	(2003).	Potential	market	niches	for	biomass	energy	with	CO	
2	capture	and	storage—opportunities	for	energy	supply	with	negative	CO	2	
emissions.	Biomass	and	Bioenergy,	25(3),	273-285.	http://dx.doi.org/10.1016/S0961-
9534(03)00013-8	
Moreira,	D.,	&	Pires,	J.	C.	(2016).	Atmospheric	CO	2	capture	by	algae:	negative	carbon	dioxide	
emission	path.	Bioresource	technology,	215,	371-379.	
https://dx.doi.org/10.1016/j.biortech.2016.03.060	
Myers,	J.	(2015,	November	17).	These	countries	produce	the	most	biofuels.	Retrieved	March	22,	
2017.	Retrieved	from	https://www.weforum.org/agenda/2015/11/these-countries-
produce-the-most-biofuels/	
N’Yeurt,	A.R.,	Chynoweth,	D.	P.,	Capron,	M.	E.,	Stewart,	J.	R.,	&	Hasan,	M.	A.	(2012).	Negative	
carbon	via	ocean	afforestation.	Process	Safety	and	Environmental	Protection,	90(6),	467-
474.	http://dx.doi.org/10.1016/j.psep.2012.10.008	
NASA.	(2017a).	John	Martin	(1935-1993).	Retrieved	from	
http://earthobservatory.nasa.gov/Features/Martin/martin_4.php		
NASA.	(2017b).	Importance	of	Phytoplankton.	Retrieved	from	
http://earthobservatory.nasa.gov/Features/Phytoplankton/page2.php		
NASA.	(2017c).	Chlorophyll	a	Concentration.	Retrieved	from	
https://earthobservatory.nasa.gov/IOTD/view.php?id=4097		
National	Research	Council.	(2013).	Induced	seismicity	potential	in	energy	technologies.	National	
Academies	Press.	Retrieved	from	
157
References	
	
https://books.google.com/books?hl=en&lr=&id=Xo8t_y0ieW8C&oi=fnd&pg=PR1&dq=).+
Induced+seismicity+potential+in+energy+technologies&ots=m0_qTR2hU8&sig=l6WQh9
GblnQSHwdeydeHNw8DRc#v=onepage&q=).%20Induced%20seismicity%20potential%20
in%20energy%20technologies&f=false	
National	Research	Council.	(2015).	Climate	Intervention:	Carbon	Dioxide	Removal	and	Reliable	
Sequestration.	Report	of	the	National	Research	Council.	Washington,	DC:	National	
Academies	Press.		Retrieved	from	https://www.nap.edu/catalog/18805/climate-
intervention-carbon-dioxide-removal-and-reliable-sequestration		
Nellemann,	C.,	&	Corcoran,	E.	(Eds.).	(2009).	Blue	carbon:	the	role	of	healthy	oceans	in	binding	
carbon:	a	rapid	response	assessment.	UNEP/Earthprint.	Retrieved	from	
http://www.grida.no/publications/145		
Nelson,	E.,	Mendoza,	G.,	Regetz,	J.,	Polasky,	S.,	Tallis,	H.,	Cameron,	D.,	...	&	Lonsdorf,	E.	(2009).	
Modeling	multiple	ecosystem	services,	biodiversity	conservation,	commodity	production,	
and	tradeoffs	at	landscape	scales.	Frontiers	in	Ecology	and	the	Environment,	7(1),	4-11.	
http://dx.doi.org/10.1890/080023		
Nepstad,	D.,	Uhl,	C.,	Pereira,	C.A.,	Cardoso	de	la	Silva,	Jose	Maria.	(1996).	A	Comparative	Study	of	
Tree	Establishment	in	Abandoned	Pasture	and	Mature	Forest	of	Eastern	Amazonia.	Oikos,	
76(1),	25-39.	http://dx.doi.org/10.2307%2F3545745	
NETL.	(n.d.).	CO2-Utilization	Focus	Area.	Retrieved	April	10,	2017,	from	
https://www.netl.doe.gov/research/coal/carbon-storage/research-and-
development/co2-utilization	
Nilsson,	S.,	&	Schopfhauser,	W.	(1995).	The	carbon-sequestration	potential	of	a	global	
afforestation	program.	Climatic	change,	30(3),	267-293.	
http://dx.doi.org/10.1007/BF01091928	
NOAA.	(2016),	Ocean	carbon	storage,	National	Oceanic	and	Atmospheric	Administration,	
Retrieved	on	February	12,	2017,	Retrieved	from	
http://www.pmel.noaa.gov/co2/story/Ocean+Carbon+Storage		
158
References	
	
Oelkers,	E.	H.,	Gislason,	S.	R.,	&	Matter,	J.	(2008).	Mineral	carbonation	of	CO2.	Elements,	4(5),	
http://dx.doi.org/10.2113/gselements.4.5.333		
Ozcan,	D.	C.,	Alonso,	M.,	Ahn,	H.,	Abanades,	J.	C.,	&	Brandani,	S.	(2014).	Process	and	Cost	analysis	
of	a	biomass	power		 plant	with	in	situ	calcium	looping	CO2	capture	process.	Industrial	
&	Engineering	Chemistry	Research,	53(26),	10721-10733.	
http://dx.doi.org/10.1021/ie500606v	
Pan,	Y.,	Birdsey,	R.	A.,	Fang,	J.,	Houghton,	R.,	Kauppi,	P.	E.,	Kurz,	W.	A.,	...	&	Ciais,	P.	(2011).	A	large	
and	persistent	carbon	sink	in	the	world’s	forests.	Science,	333(6045),	988-993.	
https://doi.org/10.1007/BF01091928	
Paul,	K.	I.,	Cunningham,	S.	C.,	England,	J.	R.,	Roxburgh,	S.	H.,	Preece,	N.	D.,	Lewis,	T.,	...	&	Polglase,	
P.	J.	(2016).	Managing	reforestation	to	sequester	carbon,	increase	biodiversity	potential	
and	minimize	loss	of	agricultural	land.	Land	Use	Policy,	51,	135-149.	
http://dx.doi.org/10.1016/j.landusepol.2015.10.027	
Peng,	T.	&	Broecker,	W.	(1991).	Dynamical	Limitations	of	the	Antarctic	Iron	Fertilization	Strategy.	
Nature,	349,	227-229.		http://dx.doi.org/10.1038/349227a0	
Pereira,	R.,	&	Yarish,	C.	(2008).	Mass	production	of	marine	macroalgae.	In	Sven	Erik	Jørgensen	and	
Brian	D.	Fath	(Editor-in-Chief),	Ecological	Engineering.	Vol.	[3]	of	Encyclopedia	of	Ecology,	5	
vols.	pp.	[2236-2247]	Oxford:	Elsevier.	http://dx.doi.org/10.1016/B978-008045405-
4.00066-5	
Pichs-Madruga,	R.,	Sokona,	Y.,	Minx,	J.	C.,	Farahani,	E.,	Kadner,	S.,	Seyboth,	K.,	…	Schlömer,	S.	
(2014).	Climate	Change	2014	Mitigation	of	Climate	Change	Working	Group	III	
Contribution	to	the	Fifth	Assessment	Report	of	the	Intergovernmental	Panel	on	Climate	
Change.	Retrieved	from	http://hdl.handle.net/10013/epic.45156	
Post,	W.,	&	Kwon,	K.	(2000).	Soil	carbon	sequestration	and	land-use	change:	processes	and	
potential.	Global	Change	Biology	,	6,	317–328.	http://dx.doi.org/10.1046/j.1365-
2486.2000.00308.x	
159
References	
	
Poulton,	P.	R.,	Pye,	E.,	Hargreaves,	P.	R.,	&	Jenkinson,	D.	S.	(2003).	Accumulation	of	carbon	and	
nitrogen	by	old	arable	land	reverting	to	woodland.	Global	Change	Biology	,	9,	942–955.	
http://dx.doi.org/10.1046/j.1365-2486.2003.00633.x	
Pour,	N.	(2016,	November	16).	An	adaptive	management	system	for	sustainable	bioenergy	with	
carbon	capture	and	storage	(BECCS).	Lecture	presented	at	GHGT	13	in	Switzerland,	
Lausanne.	
Powell,	H.	(2008a).	Will	ocean	iron	fertilization	work?.	Oceanus,	46(1),	10.	Retrieved	from	
http://www.whoi.edu/fileserver.do?id=30703&pt=2&p=35609		
Powell,	H.	(2008b).What	are	the	possible	side	effects?.	Oceanus,	46(1),	10.	Retrieved	from	
http://www.whoi.edu/fileserver.do?id=30744&pt=2&p=35668		
Pratt,	K.,	&	Moran,	D.	(2010).	Evaluating	the	cost-effectiveness	of	global	biochar	mitigation	
potential.	Biomass	and	Bioenergy.	http://dx.doi.org/10.1016/j.biombioe.2010.03.004		
Ranjan	M	(2010)	Feasibility	of	air	capture.	MS	thesis,	available	at	
http://sequestration.mit.edu/pdf/ManyaRanjan_Thesis_June2010.pdf		(MIT,	Cambridge,	
MA).	
Rau,	G.	H.,	&	Caldeira,	K.	(1999).	Enhanced	carbonate	dissolution:	A	means	of	sequestering	waste	
CO2	as	ocean	bicarbonate.	Energy	Conversion	and	Management,	40,	1803–1813.	
http://dx.doi.org/10.1016/S0196-8904(99)00071-0		
Rau,	G.	H.,	&	Caldeira,	K.	(1999).	Enhanced	carbonate	dissolution:	a	means	of	sequestering	waste	
CO2	as	ocean	bicarbonate.	Energy	Conversion	and	Management,	40(17),	1803-1813.	
http://dx.doi.org/10.1016/S0196-8904(99)00071-0		
Rau,	G.	H.,	Carroll,	S.	A.,	Bourcier,	W.	L.,	Singleton,	M.	J.,	Smith,	M.	M.,	&	Aines,	R.	D.	(2013).	Direct	
electrolytic	dissolution	of	silicate	minerals	for	air	CO2	mitigation	and	carbon-negative	H2	
production.	Proceedings	of	the	National	Academy	of	Sciences,	110(25),	10095-10100.	
http://dx.doi.org/	10.1073/pnas.1222358110	
160
References	
	
Rau,	G.	H.,	Knauss,	K.	G.,	Langer,	W.	H.,	&	Caldeira,	K.	(2007).	Reducing	energy-related	CO	2	
emissions	using	accelerated	weathering	of	limestone.	Energy,	32(8),	1471-1477.	
http://dx.doi.org/10.1016/j.energy.2006.10.011		
Rau,	G.H.	(2008).	Electrochemical	splitting	of	calcium	carbonate	to	increase	solution	alkalinity:	
implications	for	mitigation	of	carbon	dioxide	and	ocean	acidity.	Environmental	Science	&	
Technology,	42(23),	8935–8940.	http://dx.doi.org/10.1021/es800366q		
Raven,	J.	A.,	&	Falkowski,	P.	G.	(1999).	Oceanic	sinks	for	atmospheric	CO2.	Plant,	Cell	&	
Environment,	22(6),	741-755.	http://dx.doi.org/10.1046/j.1365-3040.1999.00419.x	
Rey	Benayas,	J.	(2005).	Restoring	forests	after	land	abandonment.	Forest	Restoration	in	
Landscapes,	356-360.	http://dx.doi.org/10.1007/0-387-29112-1_51		
Rhodes,	C.	J.	(2016).	The	2015	Paris	climate	change	conference:	COP21.	Science	progress,	99(1),	
97-104.	https://doi.org/10.3184/003685016X14528569315192		
Rhodes,	J.	S.,	&	Keith,	D.	W.	(2005).	Engineering	economic	analysis	of	biomass	IGCC	with	carbon	
capture	and	storage.	Biomass	and	Bioenergy,	29(6),	440-450.	
http://dx.doi.org/10.1016/j.biombioe.2005.06.007	
Riahi,	K.,	Kriegler,	E.,	Johnson,	N.,	Bertram,	C.,	Den	Elzen,	M.,	Eom,	J.,	...	&	Longden,	T.	(2015).	
Locked	into	Copenhagen	pledges—implications	of	short-term	emission	targets	for	the	
cost	and	feasibility	of	long-term	climate	goals.	Technological	Forecasting	and	Social	
Change,	90,	8-23.	http://dx.doi.org/10.1016/j.techfore.2013.09.016	
Ricci,	O.,	&	Selosse,	S.	(2013).	Global	and	regional	potential	for	bioelectricity	with	carbon	capture	
and	storage.	Energy	Policy,	52,	689-698.	http://dx.doi.org/10.1016/j.enpol.2012.10.027	
Richards,	K.	R.,	&	Stokes,	C.	(2004).	A	review	of	forest	carbon	sequestration	cost	studies:	a	dozen	
years	of	research.	Climatic	change,	63(1-2),	1-48.	
https://doi.org/10.1023/B:CLIM.0000018503.10080.89	
Richter,	D.	D.,	Markewitz,	D.,	Trumbore,	S.	E.,	&	Wells,	C.	G.	(1999).	Rapid	accumulation	and	
turnover	of	soil	carbon	in	a	re-establishing	forest.	Nature,	400,	56–58.	
http://dx.doi.org/10.1038/21867		
161
References	
	
Rickels,	W.,	Rehdanz,	K.,	&	Oschlies,	A.	(2010).	Methods	for	greenhouse	gas	offset	accounting:	A	
case	study	of	ocean	iron	fertilization.	Ecological	Economics,	69(12),	2495-2509.	
http://dx.doi.org/10.1016/j.ecolecon.2010.07.026	
Rickels,	W.,	Rehdanz,	K.,	&	Oschlies,	A.	(2012).	Economic	prospects	of	ocean	iron	fertilization	in	an	
international	carbon	market.	Resource	and	Energy	Economics,	34(1),	129-150.	
http://dx.doi.org/10.1016/j.reseneeco.2011.04.003	
Ritschard,	R.	L.	(1992).	Marine	algae	as	a	CO2	sink.	In	Natural	Sinks	of	CO2(pp.	289-303).	Springer	
Netherlands.	http://dx.doi.org/10.1007/978-94-011-2793-6_16	
Roberts,	Kelli	G.,	et	al.	"Life	cycle	assessment	of	biochar	systems:	estimating	the	energetic,	
economic,	and	climate	change	potential."	Environmental	science	&	technology	44.2	
(2009):	827-833,	http://dx.doi.org/10.1021/es902266r		
Rochedo,	P.	R.,	Costa,	I.	V.,	Império,	M.,	Hoffmann,	B.	S.,	Merschmann,	P.	R.	D.	C.,	Oliveira,	C.	C.,	...	
&	Schaeffer,	R.	(2016).	Carbon	capture	potential	and	costs	in	Brazil.	Journal	of	Cleaner	
Production.	http://dx.doi.org/10.1016/j.jclepro.2016.05.033	
Roesijadi,	G.,	Jones,	S.	B.,	Snowden-Swan,	L.	J.,	&	Zhu,	Y.	(2010).	Macroalgae	as	a	biomass	
feedstock:	a	preliminary	analysis,	PNNL	19944.	Pacific	Northwest	National	Laboratory,	
Richland.	Retrieved	from	
https://www.pnl.gov/main/publications/external/technical_reports/PNNL-19944.pdf		
Rose,	S.	K.,	Kriegler,	E.,	Bibas,	R.,	Calvin,	K.,	Popp,	A.,	van	Vuuren,	D.	P.,	&	Weyant,	J.	(2014).	
Bioenergy	in	energy		 transformation	and	climate	management.	Climatic	Change,	
123(3-4),	477-493.	http://doi.org/10.1007/s10584-013-0965-3	
Rosegrant,	M.	W.,	Zhu,	T.,	Msangi,	S.,	&	Sulser,	T.	(2008).	Global	scenarios	for	biofuels:	impacts	and	
implications.	Applied	Economic	Perspectives	and	Policy,	30(3),	495-505.	
https://doi.org/10.1111/j.1467-9353.2008.00424.x	
Rowe,	R.	L.,	Street,	N.	R.,	&	Taylor,	G.	(2009).	Identifying	potential	environmental	impacts	of	large-
scale	deployment	of	dedicated	bioenergy	crops	in	the	UK.	Renewable	and	sustainable	
energy	reviews,	13(1),	271-290.	http://dx.doi.org/10.1016/j.rser.2007.07.008	
162
References	
	
Sabine,	C.	L.,	Feely,	R.	A.,	Gruber,	N.,	Key,	R.,	Lee,	K.,	Bullister,	J.,	…	Rios,	A.	(2004).	The	Oceanic	Sink	
for	Anthropogenic	CO2.	Science,	305(5682),	367–371.	
http://dx.doi.org/10.1126/science.1097403		
Sanchez,	D.	L.,	&	Callaway,	D.	S.	(2016).	Optimal	scale	of	carbon-negative	energy	facilities.	Applied	
Energy,	170,	437-444.	http://dx.doi.org/10.1016/j.apenergy.2016.02.134	
Sanchez,	D.	L.,	Nelson,	J.	H.,	Johnston,	J.,	Mileva,	A.,	&	Kammen,	D.	M.	(2015).	Biomass	enables	the	
transition	to	a	carbon-negative	power	system	across	western	North	America.	Nature	
Climate	Change,	5(3),	230-234.	http://doi.org/10.1038/nclimate2488	
Sands,	R.	D.,	Malcolm,	S.	A.,	Suttles,	S.	A.,	&	Marshall,	E.	(2017).	Dedicated	Energy	Crops	and	
Competition	for	Agricultural	Land	(No.	252445).	United	States	Department	of	Agriculture,	
Economic	Research	Service.	Retrieved	from	
http://ageconsearch.umn.edu/bitstream/252445/2/ERR223.pdf	
Sanna,	A.	(2014).	"Advanced	biofuels	from	thermochemical	processing	of	sustainable	biomass	in	
Europe."	BioEnergy	Research	7.1:	36-47,	http://dx.doi.org/10.1007/s12155-013-9378-4		
Sarmiento,	J.	L.,	&	Orr,	J.	C.	(1991).	Three-dimensional	simulations	of	the	impact	of	Southern	
Ocean	nutrient	depletion	on	atmospheric	CO2	and	ocean	chemistry.	Limnology	and	
Oceanography,	36(8),	1928-1950.	http://dx.doi.org/10.4319/lo.1991.36.8.1928	
Sayre,	R.	(2010).	Microalgae:	the	potential	for	carbon	capture.	Bioscience,	60(9),	722-727.	
https://doi.org/10.1525/bio.2010.60.9.9	
Schrag,	D.	P.	(2009).	Storage	of	carbon	dioxide	in	offshore	sediments.	Science,	325(5948),	1658-
1659.	Retrieved	from	http://www.precaution.org/lib/offshore_ccs.090925.pdf		
Seed	Map.	(2017)	Ocean	Fertilization	in	the	Galapagos.	Retrieved	from	
http://map.seedmap.org/threats/climate-chaos/technofixes/ocean-fertilization-in-the-
galapagos/		
Shabangu,	S.,	Woolf,	D.,	Fisher,	E.	M.,	Angenent,	L.	T.,	&	Lehmann,	J.	(2014).	Techno-economic	
assessment	of	biomass	slow	pyrolysis	into	different	biochar	and	methanol	concepts.	Fuel	,	
(117),	742–746,	http://dx.doi.org/10.1016/j.fuel.2013.08.053	
163
References	
	
Shaw,	J.,	&	Bachu,	S.	(2002).	Screening,	evaluation,	and	ranking	of	oil	reservoirs	suitable	for	CO2-
flood	EOR	and	carbon	dioxide	sequestration.	Journal	of	Canadian	Petroleum	
Technology,	41(09).	https://doi.org/10.2118/02-09-05	
Sheps,	K.,	Max,	M.,	Osegovic,	J.,	Tatro,	S.,	Brazel,	L.	(2009).	A	case	for	deep-ocean	CO2	
Sequestration.	Energy	Procedia.	1,	4961	-	4968.	
https://dx.doi.org/10.1016/j.egypro.2009.02.328	
Sims,	R.	E.	(2013).	2	Status,	Innovations	and	Challenges	of	Next	Generation	Biofuel	
Technologies.	Biofuel	Crops:	Production,	Physiology	and	Genetics,	23.	Retrieved	from	
https://books.google.com/books?hl=en&lr=&id=Bp10AZ_g2IsC&oi=fnd&pg=PA23&dq=2
+Status,+Innovations+and+Challenges+of+Next+Generation+Biofuel+Technologies&ots=
TUlRqUFQxm&sig=8Uh0eIPrEhfGGrf_FBiGZT2YeFo	
Singh,	B.	P.,	Hatton,	B.	J.,	Singh,	B.,	Cowie,	A.	L.,	&	Kathuria,	A.	(2010).	Influence	of	Biochars	on	
Nitrous	Oxide	Emission	and	Nitrogen	Leaching	from	Two	Contrasting	Soils.	Journal	of	
Environmental	Quality,	39(4),	1224–1235.	http://dx.doi.org/10.2134/Jeq2009.0138		
Skytree.	(n.d.).	Direct	Air	Capture.	Retrieved	February	13,	2017,	from	
http://www.skytree.eu/direct-air-capture/	
Smith	P.,	M.	Bustamante,	H.	Ahammad,	H.	Clark,	H.	Dong,	E.A.	Elsiddig,	H.	Haberl,	R.	Harper,	J.	
House,	M.	Jafari,	O.	Masera,	C.	Mbow,	N.H.	Ravindranath,	C.W.	Rice,	C.	Robledo	Abad,	A.	
Romanovskaya,	F.	Sperling,	and	F.	Tubiello,	2014:	Agriculture,	Forestry	and	Other	Land	
Use	(AFOLU).	In:	Climate	Change	2014:	Mitigation	of	Climate	Change.	Contribution	of	
Working	Group	III	to	the	Fifth	Assessment	Report	of	the	Intergovernmental	Panel	on	
Climate	Change	[Edenhofer,	O.,	R.	Pichs-Madruga,	Y.	Sokona,	E.	Farahani,	S.	Kadner,	K.	
Seyboth,	A.	Adler,	I.	Baum,	S.	Brunner,	P.	Eickemeier,	B.	Kriemann,	J.	Savolainen,	S.	
Schlömer,	C.	von	Stechow,	T.	Zwickel	and	J.C.	Minx	(eds.)].	Cambridge	University	Press,	
Cambridge,	United	Kingdom	and	New	York,	NY,	USA.	Retrieved	from	
https://www.ipcc.ch/pdf/assessment-report/ar5/wg3/ipcc_wg3_ar5_chapter11.pdf		
Smith,	L.	J.,	&	Torn,	M.	S.	(2013).	Ecological	limits	to	terrestrial	biological	carbon	dioxide	
removal.	Climatic	Change,	118(1),	89-103.		http://dx.doi.org/10.1007/s10584-012-0682-3	
164
References	
	
Smith,	P.,	Davis,	S.	J.,	Creutzig,	F.,	Fuss,	S.,	Minx,	J.,	Gabrielle,	B.,	...	&	Van	Vuuren,	D.	P.	(2016).	
Biophysical	and	economic	limits	to	negative	CO2	emissions.	Nature	Climate	Change,	6(1),	
42-50.	http://doi.org/10.1038/nclimate2870	
Smith,	P.,	Martino,	D.,	Cai,	Z.,	Gwary,	D.,	Janzen,	H.,	Kumar,	P.,	…	Smith,	J.	(2008).	Greenhouse	gas	
mitigation	in	agriculture.	Philosophical	Transactions	of	The	Royal	Society	B,	363,	789–813.	
http://doi.org/10.1098/rstb.2007.2184	
Smith,	P.,	Martino,	D.,	Howden,	M.,	Rypdal,	K.,	wa	Githendu,	M.,	Martino,	D.,	…	Kumar,	P.	(2007).	
Agriculture.	Climate	Change	2007:	Mitigation.	Contribution	of	Working	Group	III	to	the	
Fourth	Assessment	Report	of	the	Intergovernmental	Panel	on	Climate	Change.	Cambridge	
University	Press	Cambridge	Books	Online	Cambridge	University	Press.	Retrieved	from	
http://dx.doi.org/10.1017/CBO9780511546013.012	
Socolow,	R.,	Desmond,	M.,	Aines,	R.,	Blackstock,	J.,	Bolland,	O.,	Kaarsberg,	T.,	...&Siirola,	J.	
(2011).	Direct	air	capture	of	CO2	with	chemicals:	a	technology	assessment	for	the	APS	
Panel	on	Public	Affairs	(No.	EPFL-BOOK-200555).	American	Physical	Society.	Retrieved		
from	https://infoscience.epfl.ch/record/200555/files/dac2011.pdf	
Sommer,	R.,	&	Bossio,	D.	(2014).	Dynamics	and	climate	change	mitigation	potential	of	soil	organic	
carbon	sequestration.	Journal	of	Environmental	Management.	
http://doi.org/10.1016/j.jenvman.2014.05.017	
Statistics	MRS.	(2015).	Global	Commercial	Fishing	Industry	Market	Outlook	(2015-2022).	(Rep.	No.	
SMRC13080).	Retrieved	from	http://www.strategymrc.com/report/global-commercial-
fishing-industry-market-outlook-2015-2022		
Stavins,	R.	N.,	&	Richards,	K.	R.	(2005).	The	cost	of	U.	S.	forest-based	carbon	sequestration.	Pew	
Center	on	Global	Climate	Change.	52,	52.	Retrieved	from	
https://www.c2es.org/publications/cost-us-forest-based-carbon-sequestration		
Steneck,	R.	S.,	Graham,	M.	H.,	Bourque,	B.	J.,	Corbett,	D.,	Erlandson,	J.	M.,	Estes,	J.	A.,	&	Tegner,	M.	
J.	(2002).	Kelp	forest	ecosystems:	biodiversity,	stability,	resilience	and	
future.	Environmental	conservation,	29(04),	436-459.	
https://doi.org/10.1017/S0376892902000322		
165
References	
	
Stolaroff,	J.	K.,	Keith,	D.	W.,	&	Lowry,	G.	V.	(2008).	Carbon	dioxide	capture	from	atmospheric	air	
using	sodium	hydroxide	spray.	Environmental	science	&	technology,	42(8),	2728-2735.	
https://doi.org/10.1021/es702607w		
Strand,	S.	E.,	&	Benford,	G.	(2009).	Ocean	sequestration	of	crop	residue	carbon:	recycling	fossil	fuel	
carbon	back	to	deep	sediments.	Environmental	Science	and	Technology.	
http://dx.doi.org/10.1021/es8015556		
Strengers,	B.	J.,	Van	Minnen,	J.	G.,	&	Eickhout,	B.	(2008).	The	role	of	carbon	plantations	in	
mitigating	climate	change:	potentials	and	costs.	Climatic	change,	88(3-4),	343-366.	
https://doi.org/10.1007/s10584-007-9334-4	
Sun,	W.,	Huang,	Y.,	Zhang,	W.,	&	Yu,	Y.	(2010).	Carbon	sequestration	and	its	potential	in	
agricultural	soils	of	China.	Global	Biogeochem.	Cycles,	24.	
http://doi.org/10.1029/2009GB003484	
Tilman,	D.,	Hill,	J.,	&	Lehman,	C.	(2006).	Carbon-negative	biofuels	from	low-input	high-diversity	
grassland	biomass.	Science,	314(5805),	1598-1600.	
http://doi.org/10.1126/science.1133306	
Tilman,	D.,	Socolow,	R.,	Foley,	J.	A.,	Hill,	J.,	Larson,	E.,	Lynd,	L.,	…	Williams4,	R.	(2009).	Beneficial	
Biofuels?The	Food,	Energy,	and	Environment	Trilemma	Recent	analyses	of	the	energy	
and.	Source:	Science,	New	Series,	325(5938),	270–271.	Retrieved	from	
http://www.jstor.org/stable/20536631	
Tollefson,	J.	(2008).	Brazil	goes	to	war	against	logging:	it	represents	half	of	the	world's	rainforest	
and	is	home	to	one-third	of	Earth's	species,	yet	the	Amazon	has	one	of	the	highest	rates	
of	deforestation.	Jeff	Tollefson	looks	at	efforts	to	curb	the	problem.	Nature,	452(7184),	
134-136.	Retrieved	from	http://www.nature.com/nature/index.html		
Torres,	A.	B.,	Marchant,	R.,	Lovett,	J.	C.,	Smart,	J.	C.,	&	Tipper,	R.	(2010).	Analysis	of	the	carbon	
sequestration	costs	of	afforestation	and	reforestation	agroforestry	practices	and	the	use	
of	cost	curves	to	evaluate	their	potential	for	implementation	of	climate	change	mitigation.	
Ecological	Economics,	69(3),	469-477.	https://dx.doi.org/10.1016/j.ecolecon.2009.09.007	
166
References	
	
Turner,	D.	P.,	Koerper,	G.	J.,	Harmon,	M.	E.,	&	Lee,	J.	J.	(1995).	A	carbon	budget	for	forests	of	the	
conterminous	United	States.	Ecological	Applications,	5(2),	421-436.	
http://dx.doi.org/10.2307/1942033  	
U.S.	Department	of	Agriculture	(2012).	Conservation	Reserve	Program:	Annual	Summary	and	
Enrollment	Statistics.	Retrieved	from	
https://www.fsa.usda.gov/Internet/FSA_File/summary12.pdf	
U.S.	Department	of	Energy.	(2013,	April).	Fossil	Energy	Study	Guide:	Oil.	Retrieved	February	
09,2017,	from	
https://energy.gov/sites/prod/files/2013/04/f0/HS_Oil_Studyguide_draft2.pdf	
U.S.	Energy	Information	Administration.	(2016,	June	14).	How	much	carbon	dioxide	is	produced	
when	different	fuels	are	burned?	Retrieved	February	13,	2017,	from	
https://www.eia.gov/tools/faqs/faq.cfm?id=73&t=11	
U.S.	Energy	Information	Administration.	(2017,	February	7).	Independent	Statistics	and	Analysis.	
Retrieved	February	09,	2017,	from	https://www.eia.gov/outlooks/steo/report/prices.cfm	
United	Nations	(1982).	United	Nations	Convention	on	the	Law	of	the	Sea.	Retrieved	from	
http://www.un.org/depts/los/convention_agreements/texts/unclos/unclos_e.pdf		
University	of	California	Davis.	(n.d.).	Public	Outreach:	What	is	Bioenergy.	Retrieved	February	05,	
2017,	from	http://bioenergy.ucdavis.edu/outreach.php	
USDA	ARS.	(2016).	What	is	Pyrolysis?	Retrieved	from	https://www.ars.usda.gov/northeast-
area/wyndmoor-pa/eastern-regional-research-center/sustainable-biofuels-and-co-
products-research/docs/biomass-pyrolysis-research/what-is-pyrolysis/		
USDA.	(2017,	February	14).	Background.	Retrieved	March	22,	2017.	Retrieved		from	
https://www.ers.usda.gov/topics/crops/corn/background.aspx	
Van	Asselt,	H.	(2016).	The	role	of	non-state	actors	in	reviewing	ambition,	implementation,	and	
compliance	under	the	Paris	Agreement.	Forthcoming	in	Climate	Law.	6.1.	Retrieved	from	
https://conferences.asucollegeoflaw.com/workshoponparis/files/2012/08/Van_Asselt_Cl
imate_Law_030216.pdf		
167
References	
	
Van	Vuuren,	D.	P.,	Deetman,	S.,	van	Vliet,	J.,	van	den	Berg,	M.,	van	Ruijven,	B.	J.,	&	Koelbl,	B.	
(2013).	The	role	of	negative	CO2	emissions	for	reaching	2	C—insights	from	integrated	
assessment	modelling.	Climatic	Change,	118(1),	15-27.	http://dx.doi.org/10.1007/s10584-
012-0680-5	
Vashum,	K.	T.,	&	Jayakumar,	S.	(2012).	Methods	to	estimate	above-ground	biomass	and	carbon	
stock	in	natural	forests-a	review.	J.	Ecosyst.	Ecogr,	2(4),	1-7.	
http://dx.doi.org/10.4172/2157-7625.1000116		
West,	T.	O.,	&	Marland,	G.	(2002).	A	synthesis	of	carbon	sequestration,	carbon	emissions,	and	net	
carbon	flux	in	agriculture:	comparing	tillage	practices	in	the	United	States.	Agriculture,	
Ecosystems	and	Environment	,	91,	217–232,	http://dx.doi.org/10.1016/S0167-
8809(01)00233-X	
Williamson,	P.	(2016).	Emissions	reduction:	Scrutinize	CO2	removal	methods.	Nature,	530(7589),	
153.	http://doi.org/10.1038/530153a.	
Williamson,	P.,	Wallace,	D.	W.,	Law,	C.	S.,	Boyd,	P.	W.,	Collos,	Y.,	Croot,	P.,	...	&	Vivian,	C.	(2012).	
Ocean	fertilization	for	geoengineering:	a	review	of	effectiveness,	environmental	impacts	
and	emerging	governance.	Process	Safety	and	Environmental	Protection,	90(6),	475-488.	
http://dx.doi.org/10.1016/j.psep.2012.10.007	
Wiltshire,	A.,	&	Davies-Barnard,	T.	(2015).	Planetary	Limits	to	BECCS	Negative	Emissions.	Retrieved	
from	http://avoid-net-uk.cc.ic.ac.uk/wp-content/uploads/delightful-
downloads/2015/07/Planetary-limits-to-BECCS-negative-emissions-AVOID-
2_WPD2a_v1.1.pdf	
Wise,	M.,	Calvin,	K.,	Thomson,	A.,	Clarke,	L.,	Bond-Lamberty,	B.,	Sands,	R.,	...	&	Edmonds,	J.	(2009).	
Implications	of	limiting	CO2	concentrations	for	land	use	and	energy.	Science,	324(5931),	
1183-1186.	http://doi.org/10.1126/science.1168475	
Woolf,	D.,	Amonette,	J.	E.,	Alayne	Street-Perrott,	F.,	Lehmann,	J.,	&	Joseph,	S.	(2010).	Sustainable	
biochar	to	mitigate	global	climate	change.	Nature	Communications,	1.	
http://dx.doi.org/10.1038/ncomms1053		
168
References	
	
World	Bank	(2016)	“World	Development	Indicators-Agricultural	land	(%	of	land	area).”	Retrieved	
from	http://data.worldbank.org/indicator/AG.LND.AGRI.ZS	
World	Bank	(2016)	“World	Development	Indicators-Forest	Area	(%	of	land	area).”	Retrieved	from	
http://data.worldbank.org/indicator/AG.LND.FRST.ZS	
World	Energy	Council	(2016).	World	Energy	Resources	2016.	Retrieved	from	
https://www.worldenergy.org/wp-
content/uploads/2016/10/WECJ4713_Resources_ShortReport_311016_FINAL_corr4_W
EB.pdf	
Yinghui,	G.	E.	N.	G.,	Canbing,	L.	I.,	Yijia,	C.	A.	O.,	Hao,	C.	H.	E.	N.,	Kuang,	Y.,	Xuedong,	R.	E.	N.,	
&Xinwei,	B.	A.	I.	(2016).	Cost	analysis	of	air	capture	driven	by	wind	energy	under	different	
scenarios.	Journal	of	Modern	Power	Systems	and	Clean	Energy,	4(2),	275-281.	
https://doi.org/10.1007/s40565-015-0150-y	
Zahariev,	K.,	Christian,	J.	R.,	&	Denman,	K.	L.	(2008).	Preindustrial,	historical,	and	fertilization	
simulations	using	a	global	ocean	carbon	model	with	new	parameterizations	of	iron	
limitation,	calcification,	and	N	2	fixation.	Progress	in	Oceanography,	77(1),	56-82.	
http://dx.doi.org/10.1016/j.pocean.2008.01.007	
Zeman,	F.	(2014).	Reducing	the	cost	of	Ca-based	direct	air	capture	of	CO2.	Environmental	science	
&	technology,	48(19),	11730-11735.	https://doi.org/10.1021/es502887y	
Zeng,	N.	(2008).	Carbon	sequestration	via	wood	burial.	Carbon	Balance	and	Management,	3(1),	1.	
http://dx.doi.org/10.1186/1750-0680-3-1 	
Zoback,	M.	D.,	&	Gorelick,	S.	M.	(2012).	Earthquake	triggering	and	large-scale	geologic	storage	of	
carbon	dioxide.	Proceedings	of	the	National	Academy	of	Sciences,	109(26),	10164-10168.	
http://doi.org/10.1073/pnas.1202473109	
Zomer,	R.	J.,	Trabucco,	A.,	Bossio,	D.	A.,	&	Verchot,	L.	V.	(2008).	Climate	change	mitigation:	A	
spatial	analysis	of	global	land	suitability	for	clean	development	mechanism	afforestation	
and	reforestation.	Agriculture,	ecosystems	&	environment,	126(1),	67-80.	
http://dx.doi.org/10.1016/j.agee.2008.01.014			
169
